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The  sixth  Workshop  on  Ultrasonic  Tissue  Characterization  and  Echographic 
Imaging  was  organized  under  grant  nr.  MR-024-NL  from  the  Directorate 
General  for  Science,  Research  Development  of  the  European  Commission.  The 
aim  of  this Workshop  was  to  offer the  participating  Local  Research  Groups 
the  opportunity  to  expose  the  state of  the  art of  their ongoing  research 
programs  and  to  discuss  the  running  cooperative  activities. 
The  schedule  of  the  Workshop  consisted  of  three  days  devoted  to  plenary 
sessions  on  the  following  topics:  Tomography,  Texture,  Scattering, 
Attenuation  and  Tissue  Movement.  The  schedule  furthermore  contained 
Discussion  sessions  at which  work  in  progress  was  presented  and  discussed. 
In  this  volume  the  order  of  the  schedule  of  the  Workshop  has  been 
maintained  and  in  addition  to  the  texts  of  the  lectures  presented  in 
plenary  sessions  also  some  manuscripts  from  dission  sessions  have  been 
added.  The  very  interesting  tutorials which  were  presented  by  our  guests 
form  the  USA:  J.F.  Greenleaf  (Rochester,  MN)  and  B.S.  Garra  (Bethesda,  MD) 
may  be  specially mentioned.  They  not  only  presented  an  excellent  lecture, 
but  they  participated actively  in  the  discussions  and  sessions  as  well. 
Therefore,  their presence  greatly contributed  to  the  success  of  this 
Workshop. 
The  Project  Management  Group  and  the  Paricipants  are  very  much  indebted  to 
Mrs.  G.  Berger,  Ph.D.,  M.D.  (Paris)  who  efficiently organized  the 
Workshop. 
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•  XIV  • Session  1  - TOMOGRAPHY 
Chairmen  J.M.  Thijssen,  H.  Ermert TISSUE CHARACTERIZATION BY  COMPUTED TOMOGRAPHY 
J.  F.  Greenleaf 
Biodynamics Research Unit, Department of 
Physiology and Biophysics, Mayo Clinic/Foundation, 
Rochester, MN  55905 U.S.A. 
Ultrasonic  computer-assisted  tomography  (UCAT)  can  be  used  for  a  wide 
range  of  tissue  characterization  problems.  Examples  are  given  for  the  use  of 
UCAT  in  measuring  speed,  attenuation,  absorption,  and  scattering  in  the 
transmission  mode.  In  the  reflection  mode,  examples  are  given  for  measuring 
backscatter  and  Doppler  flow  velocity.  In  vitro  studies  in  excised  tissues  are 
described  as  well  as  results  for  in  vivo  clinical  studies  for  the  detection  of 
breast cancer. 
Key words:  Ultrasonic tomography; reconstruction; transmission, Doppler. 
INTRODUCTION 
An  objective of diagnostic  imaging  with  ultrasound  is  to  obtain  images of 
mechanical  properties  of  biologic  tissue  that  are  sensitive  to  disease  processes. 
One  of  the  goals  of  the  biomedical  ultrasound  imaging  community  has  been  to 
obtain  images  of  material  properties  that  are  related  quantitatively  to  the 
intrinsic property of  tissues  such as  speed,  attenuation, absorption, or scattering 
cross  section.  These  goals  have  resulted  in  many  attempts  to  relate  intrinsic 
properties  of  elastic  materials  to  measurable  extrinsic  properties  such  as 
pressure,  temperature,  or  particle  velocity  of  the  scattered  wave  [Carson  et  al., 
1977;  Glover and  Sharp,  1977;  Goss  et al.,  1978;  Greenleaf,  1981].  However,  it 
is  true  that  in  almost  no  other  area  of  biomedical  imaging  in  medicine  are 
quantitative  values  used  for  evaluating  the  state of  tissues.  For  example,  it  is 
not  CT  numbers  but  rather  morphologic  characteristics  of  the  CT  images  that 
are  used  for  detecting  alterations  from  normal.  Certainly  pathologists 
evaluating  histologic  tissue  slides  use  virtually  no  quantitative measurements of 
optical  spectra  or  optical  density  of  the  tissue  slides  but  rather,  they  use 
morphologic  and  stereo  metric  evaluations  of  the  images  to  select  tissue  state 
[Sandritter and Thomas, 1979]. 
The most  widely used  ultrasonic imaging technique is  that of the simple B-
scan.  Real-time  B-scans  are  obtained  with  mechanical  or  phased  array  sector 
and  phased  array  linear  scanners  and  the  resulting  images  are  seldom  analyzed 
quantitatively.  Thus,  regions  of  tissue  or  volumes  of  tissue  are  evaluated  by 
visual  study  of  a  sequence  of  two-dimensional  images.  Computed  tomography 
provides the capability of automatically obtaining a  set of images for evaluation 
either  in  true  three-dimensional  geometry  or  its  projection  or  stereo  projection 
as  two-dimensional images [Greenleaf,  1982;  Greenleaf et al.,  1985].  In addition, 
many properties of the tissue can be imaged using computed tomography and the 
instrument  can  be  designed  to  automatically  obtain  data  in  a  manner 
independent of the  technical skill of the operator.  The purpose of this paper is 
to  describe  the  wide  range  of  images  that  can  be  obtained  by  ultrasonic 
computer-assisted tomography and to  provide examples of their use  in evaluating 
biomedical  tissue  states  and  functions.  The  paper  consists  of  a  number  of 
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Distribution  of  speed  and  relative  attenuation  for  various  tissues 
found  in  human  breasts.  Ultrasonic  computer-assisted  tomography 
was  used  to  identify  tissues  and  measure  speed  and  attenuation  in 
regions  of  tissues  within  human  breasts.  It was  found  that speed  of 
sound  separates  the  tissues  better  than  attenuation  but  that  there  is 
a  great  deal  of  overlap  among  fibrocystic  disease,  cancer,  and 
fibroadenoma  on  this  two-dimensional  plane.  (Reproduced  with 
permission  from  Greenleaf,  J.  F.,  and  Bahn, R.  C.,  IEEE  Transactions 
on Biomedical Engineering BME-28,  177-185 (1981)) 
1/27 
Ultrasonic  computer-assisted  tomograms  through  the  breast  of  a 
patient  with  a  3  em  grade  4  infiltrating  ductal  carcinoma  in  the 
upper  right  inner  quadrant.  In  fatty  breasts  ultrasonic  computer-
assisted  tomography  is  very  useful  for  detecting  tumors  and 
diagnosing  their  type.  However,  it  was  found  in  dense  breasts  that 
computer-assisted  tomography  was  not  capable  of  detecting  or 
diagnosing  cancer  with  adequate  sensitivity  and  specificity. 
(Reproduced  with  permission  from  Greenleaf,  J.  F.,  et  al.,  in 
Acoustical  Imaging,  E.  A.  Ash  and  C.  R.  Hill,  eds.,  12,  pp.  579-587 
(1982)) 
- 4 -examples,  without  extensive  derivation  of  the  theory,  in  order  to  provide  a 
quick  overview  of  the  range  and  robust  nature  of  computed  tomography 
applications.  The  term  'tomography'  means  slice  imaging  and  thus  computed 
tomography  will  be  used  in this paper to describe any computer-assisted imaging 
of slices obtained either in transmission or reflection mode scans. 
Comouted Tomograohy Applications 
Ultrasonic  computer-assisted  tomography  has  been  used  to  evaluate  the 
characteristics  of  tissues  in  breasts.  In  figure  1,  for  example,  the  distribution 
of  means  of  ultrasonic  attenuation  and  velocity  were  obtained  in  a  set  of .18 
patients,  aged  from  29  to  68  years,  using  ultrasonic  computer-assisted 
tomography  [Greenleaf  et  al.,  1985;  Robinson  and  Greenleaf,  1985].  In  fatty 
breasts  it  was  found  that  the  material  characteristics  measured  by  computed 
ultrasound could distinguish cancer from other abnormal lesions in fatty  breasts. 
Images  of  breast  cancer  in  fatty  breasts  were  constructed  using  transmission 
ultrasonic  computed  tomography  in  which  speed  and  attenuation  were  used  to 
evaluate  the  region  of  cancer  (Fig.  2).  Evaluation  of  these  techniques  in  a 
wide  range  of  patients  has  resulted  in  disappointing  results  [Schreiman  et  al., 
1984].  UCAT has  been  recently further  developed  to  obtain backscatter  images 
of  human  breasts  to  decrease  the  effects  of  speckle.  Sixty  view  backscatter 
tomograms  have  been  obtained  in  breasts  of  patients  (Fig.  3).  The  method  is 
currently being evaluated for efficacy in detecting breast cancer. 
Fig. 3  Ultrasonic  computer-assisted 
tomograms  of  backscatter.  B-
scans  were  compounded  from 
sixty  views  around  the  breast 
obtaining  these  high-resolution 
images  of  the  human  female 
breast.  Cooper's  ligaments, 
parenchyma, and fatty inclusions 
and  cysts  can  be  seen  in  these 
images.  Such  computed 
backscatter  images  may  be 
useful  for  detecting  breast 
cancer  in  dense  breasts. 
tKeproaucea  witn  permiSSIOn 
from  Greenleaf,  J.  F.,  and 
Ylitalo, Y.,  Doppler tomography, 
1986  Ultrasonics  Symposium 
Proceedings,  November  17-19, 
1986,  Williamsburg,  VA  (In 
Press)) 
Ultrasonic  computer-assisted  tomography  can  also  be  used  to  study  the 
distribution  of  ischemia  in  experimental  models  of  coronary  infarction.  In  a 
study  in  which  dogs  were  used  to  evaluate  the  effects  of  regional  myocardial 
ischemia  on  ultrasound  images,  the  hearts  were  excised  from  the  animal  after 
varying  periods of ischemia  and  multiple  transverse  ultrasonic  computer-assisted 
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Fig. 4  Ultrasonic  computer-assisted  tomography  has  been  used  to  evaluate 
distributions  of  ischemia  within  canine  hearts.  The  normal  canine 
heart shown  in  the  upper  panel  was  scanned  in  vitro  less  than  thirty 
minutes  after  removal  from  the  live  animal.  The  ischemic  canine 
heart  (lower  panel)  was  scanned  after  fifteen  minutes  of  regional 
ischemia  produced  by  ligation  of  the  LAD  artery,  the  resulting 
tomograms  illustrate  distributions  of  ischemia  with  good  resolution. 
(Reproduced  with  permission  from  Chandrasekaran,  K.,  et  al., 
Ultrasound in Medicine and Biology 12,  pp. 784-793 (1986)) 
.  6  . tomograms  were obtained of the heart.  As  shown in figure 4,  it was found that 
the  regional  distribution of ischemia  resulted  in edema that could  be  visualized 
using  ultrasonic  computer-assisted  tomographic  methods  of  imaging  the  in  vitro 
heart  [Chandrasekaran  et  al.,  1986].  This  study  indicated,  that  given 
appropriate  compounding,  that  is,  appropriate  methods  for  decreasing  speckle, 
high-resolution  images  of the  regional distribution of ischemia in  the heart may 
be  possible.  Experimental  measurements  from  computed  tomograms  of  speed, 
attenuation,  and  backscatter,  shown  in  figure  5,  indicate  that  ischemic  regions 
are  associated  with  increased  backscatter,  decreased  attenuation  and  decreased 
ultrasonic speed. 
We  have recently developed techniques for  obtaining new images of scatter 
and  absorption  that  are  derived  from  original  tomograms  of  speed  and 
a tten  ua  tion [Sehgal  and Greenleaf,  198 5].  Using the mean difference in acoustic 
speed  to  calculate  probable  scattering  strengths  and  subtracting  these  values 
from  the  attenuation  image,  measures  of  absorption  were  estimated.  Figure  6 
illustrates in the upper panel, the original speed and attenuation tomograms and, 
in  the  lower  panel,  the  derived  scatter  and  absorption  tomograms.  The  new 
absorption  images  have  what  appears  to  be  more  information  than  the  original 
images.  Whether  these  images  can  be  used  for  aiding  diagnosis  with  computed 
tomography is yet to be determined. 
One  of  the  ways  nonlinearity  manifests  itself  is  by  generating  sum  and 
difference frequencies  when  ultrasonic waves of two  frequencies are propagated 
in the same  direction.  Ultrasonic computed  tomography  can  be  used  to  produce 
a  nonlinear  image  by  using  a  measurement  of  the  amplitude  of  the  resulting 
difference  frequency  that  is  proportional  to  the  nonlinearity,  among  other 
things,  of  the  intervening  tissue.  The  difference  frequency  is  used  since  it  is 
lower  and  therefore  undergoes  less  attenuation  than  the  sum  frequency. 
Although  the difference frequency  signal  is  a  function  of  nonlinear  parameters 
in  addition  to  sound  speed,  spreading of  the  secondary  field  due  to  diffraction 
and attenuation  of  the  primary and secondary  fields,  it is  possible  to  obtain an 
image  using  this  technique  [Sehgal  and  Greenleaf,  1985]  (Fig.  7).  Although  the 
resulting  nonlinear  image  is  contaminated  with  attenuation  and  refraction, 
probably  to  a  greater  degree  than  typical  tomography,  the  two  images 
(nonlinearity  and  backscatter)  provide  different  types  of  information  primarily 
because  they  represent  different  properties  of  the  medium.  Perhaps  the 
nonlinear methods can obtain information about tissues  that is  complimentary to 
the backscatter or speed or attenuation images. 
A  completely  new  type  of  computed  tomography  has  recently  been 
developed  that can  be  termed Doppler tomography [Greenleaf and Ylitalo,  1986]. 
It  has  been  shown  previously  that  cancer  may  have  different  Doppler 
characteristics  from  other  tissues  and  vessels  and  thus  Doppler  interrogation of 
tissues  could  be  used  to  distinguish  between  cancer  and  normal  tissue  [Burns  et 
al.,  1983].  Other  investigators  have  attempted  to  characterize  cancers  in  the 
breast  by  utilizing  single  probes,  usually  handheld,  in  which  Doppler  shift  in 
one  breast  has  been  compared  to  Doppler  shift  in  the  same  region  on  the 
contralateral  breast [Wells  et  al.,  1977;  Burns  et al.,  1983].  Computed  ultrasonic 
tomography may provide a capability for automatically obtaining distributions of 
Doppler  shifts  within  planes  through  the  breast,  perhaps  allowing  automated 
surveying  of  breasts.  We  have  modified  our  previously  developed  computed 
tomography  instrument  for  obtaining  Doppler  signals  to  be  used  for  computed 
tomographic  reconstruction  of  distributions  of  Doppler  shifts  with  the  breast. 
Figure  8  illustrates  the  geometry  of  the  Doppler  tomography  experiment  and 
figure 9  illustrates Doppler tomograms through a  phantom with flow and without 
flow.  It  is  clear  that  distributions  of  flow  can  be  imaged  using  Doppler 
tomography  in  the  reflection  mode  and  that  although  there  is  some  clutter due 
to  high-amplitude signals caused by  fixed  targets, adequate Doppler images have 
been  obtained  illustrating  a  potential  for  automated  Doppler  analysis  of  breast 
disease. 
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Changes  in  backscatter,  attenuation  and  speed  in  hearts  due  to 
ischemia.  Data are calculated  from  images  such  as  those  in  figure  4 
taken  of  hearts  with  and  without  ischemia.  These  types  of  data, 
obtained  from  a  variety  of  experiments,  can  lead  to  understanding 
effects of various dysfunctions on ultrasonic tissue parameters. 
SPEED  ATTENUATION 
SCATTER  ABSORPTION 
Computer-assisted  tomograms  of  speed  and  attenuation,  upper  panel, 
obtained  from  an  excised  breast.  From  these  two  images  scatter and 
absorption  have  been  calculated  and  are  shown  in  the  lower  two 
panels. 
- 8  -Advanced  computed  tomography  imaging  has  been  attempted  by  several 
investigators  [Mueller,  1980;  Kaveh  et  al.,  1981;  Devaney,  1982;  Greenleaf  And 
Chu,  1984].  The  advanced  imaging  techniques  are  an  attempt  at  conducting 
ultrasonic  computed  tomography  in  which  a  wave  equation  is  used  as  a 
descriptor  of  wave  propagation  rather  than  the  straight  line  approximation. 
When  used  in  the  transmission  mode,  diffraction tomography  may  be  capable of 
providing  quantitative  images  of  speed  and  absorption  and  therefore  could 
complement  qualitative  backscatter  images  obtained  by  B-scan  methods  or  by 
backscatter  compound  tomography  methods.  We  have  recently  obtained  very 
good  reconstructions  using  the  Born  approximation  and  diffraction  tomography 
reconstruction  methods.  Shown  in  figure  10  is  a  diffraction  tomographic 
reconstruction  of  the  real  and  imaginary  parts  of  the  image  obtained  by  using 
the  Born  inverse  scattering  approximation.  The  object,  a  breast  phantom 
produced  by  Ernie  Madson  of  the  University  of  Wisconsin,  was  scanned  using 
plane  wave  insonification  and  the  resulting  scattered  signal  was  measured  and 
used  to  accomplish the inversion shown  here in a  manner described in [Robinson 
and  Greenleaf,  1985].  The resulting  image  is  not  quantitative  in  the sense  that 
'pixel values  represent  real or imaginary values of the refraction index, however, 
the  image  is  faithful  in  reproducing  the  distribution  of  scatterers  within  the 
phantom  at  the  right  position  and  at  the  right  size.  Thus,  although  this  is  a 
qualitative image,  the effects of diffraction and  refraction  have  been  decreased 
relative to straight line methods. 
CONCLUSION 
Ultrasonic  computer-assisted  tomography  can  be  used  for  the  following 
activities: 
I.  Experimental  tissue  evaluation  in  which  computed  tomography  on 
excised  or  live  tissues  can  be  used  for  measuring  distributions  of 
speed, attenuation, backscatter and Doppler flow. 
2.  Clinical  evaluations  of  breast  in  the  transmission  mode  for 
attenuation and speed  and  in  the  reflection  mode  for backscatter and 
Doppler  images.  However,  it  is  unclear  to  this  date  whether 
ultrasonic  computer-assisted  tomography  in  the  breast  can  compete 
with  or  complement  the  x-ray  mammogram  as  a  screening  or  as  a 
diagnosing modality. 
3.  Theoretical scattering studies in  which scattering caused  by  models  or 
tissues  can  be  evaluated  and  studied  using  inverse  scattering  theory 
developed for ultrasonic computer-assisted tomography. 
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Backscatter 
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A  difference frequency  ultrasonic  computer-assisted  tomogram of the 
nonlinearity  within  an  excised  breast  (left  panel)  compared  to  the 
backscatter  tomogram  (right  panel).  The  two  types  of  images  result 
from two entirely different processes of wave propagation and should 
relate  to  different  characteristics  of  the  tissue.  (Reproduced  with 
permission from Greenleaf, J.  F.,  and Ylitalo, J.,  Doppler tomography, 
1986  Ultrasonics  Symposium  Proceedings,  November  17-19,  1986, 
Williamsburg, VA (In Press)) 
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Schematic diagram of the  experimental set  up  used  to obtain Doppler 
tomograms.  An annular array is  used  to  insonify the  tissue  with  CW 
and  receive  the  backscattered  Doppler  signal.  The  transducer  is 
scanned  in a  linear translate fashion  while  the object is  rotated.  The 
Doppler shifted frequencies are digitized for analysis by computer. 
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Doppler tomograms through a  flow phantom.  A  phantom consisting of 
looped  tubes  through  which  was  flowing  water  containing  talcolm 
powder  was  used  to  demonstrate  this  tomogram  of flow.  The  images 
with  flow  and  without  flow  are  both  scaled  to  peak  so  the  clutter 
without flow can be visualized. 
X-RAY  CT 
Real and imaginary parts of the diffraction tomograms computed using 
the Born approximation (lower panel).  Data were obtained from  plane 
waves scattered  from  a  breast phantom an  x-ray CT through  which  is 
shown  (upper  panel).  Although  the  brightness of  these  images  is  not 
quantitative,  the  position  of  the  scatterers  and  their  sizes  are 
accurate.  unlike  tomograms  obtained  from  straight  line 
approximations. 
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ABSTRACT 
A method  allowing  for  a  high-resolution  imaging,  with  a  good  S/N  ratio, 
together  with  a  reduced  computational  burden,  is  described  in  the  present 
paper.  It  consists  in  the  association  of  an  axial  deconvolution  of  B-scan 
images  with a  filtered backpropagation reconstruction over a  limited angle. 
A total  time  of  image  processing  roughly  equal  to  twice  the  square root 
of  the time  required  for  2D  deconvolution, 
An  improvement  of  the  S/N  ratio,  close  to  the  square  root of the  number 
of acquired  images,  as indicated by  the theory, 
An  ideal  choice for  the scanning  angle,  of  about  120  degrees  for  sector 
images  of  90  degrees, 
A very  strong  influence  of  the  reconstruction  filter  amplified  by  the 
former  deconvolution  procedure. 
I.  INTRODUCTION 
The  definition  of  acoustic  images  is  strongly  limited  by  the  relative 
spreading of  the point  spread  function  of the  echograph.  This  phenomenon  is 
associated with  the wavelengths  employed,  because  of  the  important  attenua-
tion of  the ultrasonic wave  in tissues.  However,  it is possible,  by  means  of 
a  numerical  restoration of  the sampled  signals,  to compensate  for  the filte-
ring  effect  of  the  echograph  and  to  obtain  ultrasound images  with a  higher 
resolution.  In  the  particular  case  of  imaging,  a  simplified  procedure  of 
restoration by  deconvolution can  be  applied  (1,  2,  3).  It will constitute an 
arrangement between  the improvement  in definition and  the  complexity of cal-
culations. 
II.  DIFFERENT  APPROACHES  OF  THE  PROBLEM 
The  simplest and  quickest approach consists  in solving  the problem  in an 
unidimensional  way,  and  by  only  correcting  the  smearing  effect of  the echo-
graph  in  the  axial  direction  (4).  This  method  is  of  little interest  since 
axial definition is still higher  than  the lateral one  on  the original  image. 
A closer approach  consists in achieving a  bidimensional  deconvolution of 
the  image  (5,  6).  The  results  obtained  are  generally  rather  good,  with  an 
improvement  in  the direction  of  propagation  higher  than  in  the  transversal 
one.  This  is  caused  by  the  characteristics  of  the  point  spread  function  of 
the  echographs  (band-pass  filter  in  the  axial  direction,  low-pass  filter 
with  a  quasi-gaussian  spectrum  in  the  lateral  one).  However,  this approach 
requires  generally  important amounts  of  calculations,  since their  number  is 
squared  with  respect  to  the previous  case. 
- 15  -Fig.  1 .  Point  spread  function  of 
the  imaging  system  (video  presen-
tation)).  A.  Echography.  B.  Echo-
graphy  and  axial  deconvolution. 
C.  Echography  and  2D  deconvolu-
tion.  D.  Reflection tomography  and 
10  deconvolution. 
Fig.  2.  Principle  of  acquisition 
with  a  sector  scanner.  Angle  of 
the image  :  88°.  Number  of  lines  : 
44  for  the presented applications. 
Fig.  3.  Image  reconstruction  of 
raw  images.  Influence  of  the  in-
terpolation  filter.  A.  44  images 
distributed  on  180°.  B.  19  images 
distributed  on  90°.  c.  9  images 
distributed  on  90°.  D.  4  images 
distributed on  90°. 
- 16 -It is however  possible to offer a  third solution,  allowing to conciliate 
a  real  bidimensional  image  improvement  with reasonable  computation times.  It 
consists  in  using  a  filtered  backprojection  approach,  in  which  projections 
are deconvolved,  by  the  axial  impulse  response  of  the  echograph,  before re-
construction  (7).  Moreover,  this  approach  is  more  suitable  in  leading  to 
images  that  have  a  better signal-to-noise  ratio  than  the  previous  ones  due 
to  the  procedure  of  image  reconstruction. 
Figure  1 allows  to compare  the results  obtained with  these different ap-
proaches  in  the same  conditions of acquisition  .  The  deconvolution  processes 
are  always  applied  on  the  R.F.  signals,  in  order  to  comply  with  the  linear 
hypotheses  imposed  by  deconvolution  ;  however,  the  results  are presented  in 
video  format,  after detection,  like in conventional  echography. 
In  A,  the  point  spread  function  of  the  echograph  clearly  shows  an  axial 
definition higher  than  the  lateral one.  The  image  B corresponds  to the  re-
sult of  the axial  deconvolution  alone  ;  of  course,  there is no  improvement, 
in that  case,  of  the  lateral  image  definition.  In  c,  the  deconvolved  point 
spread  function  presents a  higher  gain  in axial  definition than  that obtai-
ned  laterally,  as it has  already  been  noted.  Lastly,  in  D,  the  point spread 
function  restored  by  tomographic  approach  has  the best definition. 
III.  METHODOLOGY 
III.1.  Signal  processing 
The  different steps used  for  image  construction are as  follows 
.  Data  acquisition 
Line-by-line deconvolution 
.  Detection of each  line  (rectification +  low-pass  filtering) 
.  Convolution  of each  line by  a  weighted  p filter 
.  Back-projection procedure 
This  approach,  which  was  only  used  for  high-resolution  image  reconstruc-
tion,,  can  be  easily modified  in order to be  applied  in tissue characteriza-
tion.  For  instance,  if  the  detection  step is  replaced by  a  double  integra-
tion,  the  impedance  image  can  be  reconstructed  (8).  We  must  also  emphasize 
that  back-propagation  reconstruction  techniques  can  also  be  associated  to 
deconvolution. 
III.2.  Data  acquisition 
A modification  of  tomographic  approach  was  studied  in  order  to  break 
away  from  acquisition drawbacks  inherent in this technique. 
Though  the choice  of reflection tomography  widens  the number  of structu-
res  that  can  be  examined,  and  since the  organ  to  be  investigated is no  more 
placed  between  two  probes  (transmission  tomography),  the use  of  a  total an-
gle  of  acquisition  lower  than  180°  seemed  to  further  improve  this  mode  of 
investigation. 
However,  in order  to  maintain  a  correct  filling  of  the Fourier  domain, 
thus  keeping  a  good  quality  of  the  reconstructed  image,  we  have  employed  a 
sectorial image  provided  by  an  echograph  instead of  an  usual  projection,  as 
- 17  -Fig.  4.  Original  data  for  recons-
truction.  A.  S/N  = 20  dB.  B.  S/N  = 
15  dB.  C.  S/N  =  10  dB.  D.  5/N  =  5 
dB. 
Fig.  5.  Raw  reconstruction  with  a 
soft  (a  = 10  \)  tomographic  fil-
ter.  A.  5/N  = 20  dB.  B.  S/N  = 15 
dB.  C.  S/N  = 10  dB.  D.  5/N = 5 dB. 
Fig.  6.  Raw  reconstruction with an 
abrupt  (a = 90  \)  tomographic fil-
ter.  A.  S/N  =  20  dB.  B.  S/N  =  15 
dB.  C.  5/N  = 10  dB.  D.  5/N = 5 dB. 
- 18 -the original information.  The  redundancy  of  this  information is an  asset to 
the quality of reconstruction. 
Figure  2 illustrates the choice  of  the  method  of  acquisition considered 
for  this  simulation  study.  The  acquisition  of  the  imaqe  is  achieved  via  a 
mechanical,  sectorial  system presenting  a  88°  sector.  Only  44  lines  of  this 
iaaqe will  be  used  for reconstruction.  Each  line includes 500  points sampled 
at 25  MHz.  The  probe  frequency  is 2.5  MHz.  Nineteen  incidences are collected 
with a  4.5°  step over a  total anqle of 85.5°. 
The  studied object is made  of a  cylindrical,  8 mm-diameter  phantom,  hol-
lowed  out  by  three  holes  of  . 6 u,  1  . 2  mm  and  2. 4 u, respectively,  which 
are distributed every  120°. 
III.J.  Image  deconvolution 
The  different  R.F.  images  are deconvolved  line by  line by  the axial  im-
pulse response  of the  echograph.  In  the present case,  this  response was  sam-
pled on  64  samples. 
The  performances  of  deconvolution,  with  respect  to  the  noise,  to  the 
frequency-dependent attenuation,  to the modification of  echoes  by  the geome-
try of  the  medium,  have.been  discussed elsewhere  (2,  3,  5,  9)  and  will  not 
be  described here. 
The  deconvolution  used,  which  was  developed  by  Demoment  et al  (9),  lies 
on  a  stochastic  approach  of  the  restoration  problem.  The  fast  algorithm 
which  is  developed  is  operated  on  by  using  a  sub-optimal  Kal11an  filter  in 
which  data  are  processed  on  line.  The  results  obtained lead  to achieve  de-
convolution,  under  the above  mentioned  conditions  of acquisition,  in a  dura-
tion  roughly  equal  to  that  of  reconstruction.  From  this  standpoint,  the 
method  proposed  seems  to  allow for  an  interesting optimization of  the ratio 
:  definition improvement  versus  computation  time. 
III.4.  Detection 
The  detection  used  for  imaging  is  simply  obtained  by  rectification  and 
low-pass  filtering of echos. 
III.S.  Tomographic  filter 
Then,  each  projection is convolved  by  the  function 
f  =  g! [2 sine  (am)  - sinc2  (am/2)] 
4d 
where  a  is  the  fraction  of  the  total  spectrum  up  to  the  cutoff  frequency 
(1/2  d)  that is  passed  by  the  filter,  d  is  the  sampling  period  of  the si-
gnal,  sine  (am)  = sin 2Ham/2Ham,  proposed  by  Bracewell and  Riddle.  Here,  the 
a.  parameter  must  be  optimized  with  respect  to  the  parameters  used  in  the 
deconvolution filter,  in order  to obtain on  the reconstructed  image  the  best 
agreement  between  the improvement  in definition and  the noise increase. 
- 19  -Fig.  7.  Reconstruction  associated 
with  the  10  deconvolution  using  a 
soft  filter.  A.  S/N  20  dB.  B. 
S/N  =  15  dB.  C.  S/N  =  10  dB.  D. 
S/N = 5  dB. 
Fig.  8.  Reconstruction  associated 
with the  10  deconvolution  using an 
abrupt  filter.  A.  S/N  =  20  dB.  B. 
S/N  =  15  dB.  C.  S/N  = 10  dB.  D. 
S/N  =  5  dB. 
- 20  -III.6.  Reconstruction 
We  use  a  modified  back projection method,  in which  data are projected on 
circles,  to  compensate  for  the geometry  of acquisition,  and  estimated  by  li-
near interpolation from  the  four  nearest neighbours. 
Figure  3 shows  the reconstruction,  without deconvolution,  of the  simula-
ted object,  as a  function of  the number  of images  employed  for  this recons-
truction.  In  A,  the  image  was  reconstructed  from  44  sectorial images  distri-
buted  along  180°  ;  thus,  there  is  no  restraint on  the acquisition  angular 
window.  The  image  B corresponds  to  the choices  above  decided,  in this simu-
lation.  It  has  been  reconstructed  from  19  images  distributed  along  85.5°. 
The  modification  of interfaces  thickness  shows  the  loss  of information  cau-
sed  by  the limited  scanning.  Figures  C and  D,  reconstructed  from  only  9 and 
4 sectorial  images  distributed  on  81°  and  72°,  respectively,  show  the inte-
rest of the interpolation method  employed. 
IV.  RESULTS 
The  images  of the  object were  reconstructed  without  and  with deconvolu-
tion,  from  data collected  under  the  above  mentioned  conditions  (§.  III.2.), 
for noise  levels varying  between  20  and  5 dB,  and  for two  different settings 
of  the reconstruction filter. 
Figure  4  presents  the  original  sectorial  images  for  noise  levels  of  : 
S/N  = 20  dB  in A,  S/N  = 15  dB  in B,  S/N  = 10  dB  in C,  and  S/N  = 5 dB  in D. 
As  images  A and  B are  presented on  4 positive  levels and  on  4  negative ones, 
they do  not allow  to display  correctly a  noise whose  amplitude is quite al-
ways  lower  than the fourth of that of signals. 
Figures  5  and  6  represent  the  reconstructed  object  in  the  same  noise 
conditions.  On  Figure  5,  a  •soft•  tomographic  filter  (a  = 0.1)  was  used. 
This  filter  does  not  restore all the  high  spatial  frequencies  that are lost 
by  reconstruction,  but it limits  the  noise  on  the  reconstructed  image.  On 
Figure  6  an  •abrupt•  tomographic  filter  was  employed  (a= 1),  leading to an 
optimal  definition  but  to  a  noise  increase  on  the  reconstructed  image.  The 
influence of  this filter is specially obvious  in 50,  where  the preponderence 
of  spatial  low  frequencies  over  the  final  image  causes,  after detection,  a 
quasi continuous  component,  and,  in 6C  and  D,  where  reconstruction artefacts 
become  visible  on  the  reconstructed  image,  which  is very  rich in high  fre-
quencies. 
Figures  7 and  8  show  the  result  of  reconstruction,  after deconvolution, 
for  the  same  signal-to-noise  ratios and  for  the  two  same  tomographic  filter 
settings  (a=  .1  in  7)  and  (a= 1  in 8).  It is interesting to note that the 
improvement  in definition caused  by  deconvolution  partially lessens  the  mo-
dification of  interface thickness  due  to a  limited angular window.  It is al-
so  clearly obvious that  the definition gain and  the noise on  the  reconstruc-
ted image  depend  directly on  both  the deconvolution  filter parameters  and  on 
those of  the  reconstruction filter. 
- 21  -V.  CONCLUSION 
The  results  of  this  preliminary  study  seem  to  indicate that  the  number 
of  lines,  on  each  sectorial  image,  as  well  as  the  number  of  chosen  images, 
are sufficient  to application  to high  definition imaging  with  S/N  ratios of 
about  10  dB.  On  the other  hand,  the acquisition angular window  should be  en-
larged  (120°)  in order to  improve  the quality of  interface reconstruction. 
Lastly,  it clearly  appeared  that  an  optimization  of  the  reconstruction 
filter,  with  respect  to  the  parameters  of  the  deconvolution  filter,  should 
be  contemplated  in order  to have  a  balance  between  the  improvement  in defi-
nition and  the  increase in noise on  the  image. 
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Our  recently started project concerning  acoustic microscopy  will  be 
introduced.  The  microscope  image  is obtained  by  means  of  synthetic 
aperture  techniques.  A general  overview  of  these  techniques  will  be 
given,  followed  by  an  example:  zero-offset focussing.  It will  be  shown 
that the  lateral  resolution of this  imaging  technique  is superior to 
that of the  conventional  acoustical  imaging  techniques. 
Keywords:  aperture synthesis,  focussing,  scanning  acoustic microscopy 
1  INTRODUCTION 
Since  1975  our  group  has  carried  out  research  in  the  field  of 
ultrasonic  medical  imaging  and  information  extraction  techniques.  Now  we 
want  to extend  our  activities to  tissue characterization.  At  the  beginning 
of  this year  we  started the  construction of a Scanning  Acoustic  Microscope 
SAM).  The  aim  of  our  new  project is to  study  the  interaction between 
tissue  and  acoustic  wavefields  in  more  detail  than  can  be  done  with 
conventional  scanners.  The  extrapolation of results of the  high  resolution 
high  frequency)  studies  to  the  lower  resolution  (  lower  frequency) 
situation  should  lead  to  a  better  understanding  of the  important  low 
frequency  interaction  mechanisms,  and  thus  facilitate  clinical  tissue 
recognition. 
Since  the  ins  and  outs  of  conventional  scanning  acoustic  microscopy 
are  discussed  extensively elsewhere  (  Quate(l),  Kessler(~), Briggs(l)),  we 
shall  restrict  ourselves  to  a brief description of  the microscope  working 
in  the  reflection mode.  The  object,  e.g.  a  tissue sample,  is scanned  with 
a  focussed  electro-acoustic  transducer.  At  every  point of a  rectangular 
- 23  -grid  a  point  measurement  is carried out.  The  peak  value  of the  detected 
signal  within  a  time  interval  corresponding  with  reflection within  the 
focal  zone  of  the  transducer  is  stored  into  a  computer  memory.  The 
contents of the memory  are  then  displayed  on  a video  screen. 
Our  acoustic  microscope  differs from  the  above  described microscope  in 
two  important  aspects.  First:  instead  of detecting a  peak  value  of  the 
signal,  we  will  digitize the  complete  RF-signal,  preserving  the  original 
amplitude  and  phase  spectrum.  Second:  instead. of imaging  the  object by 
means  of  a  focussed  acoustic  beam,  we  will  use  omni-directional  sources 
and  detectors  and  calculate  the  image  by  means  of synthetic aperture 
techniques.  In  the  next  chapter  an  outline will  be  given  of echo-acoustic 
synthetic  aperture  techniques  in  general.  In  chapter 3 the  use  of  those 
techniques  will  be  demonstrated  by  an  example  and  it will  be  shown  that 
they  produce  a high  resolution  image  for  all  depth  levels. 
2 APERTURE  SYNTHESIS 
In  ultrasonic  imaging  almost  always  use  is made  of  focussed  acoustic 
wavefields.  The  imaging  of the  object is realized by  the  relatively small 
lateral  extension  of  the  acoustic  beam  in  the  focal  zone.  The  reflected 
acoustic  energy  mainly  comes  from  diffractors in  the  focal  zone  and  every 
point  in  the  object  is  illuminated only  once.  Every  measurement  images 
another  part of the  object. 
Imaging  by  means  of  synthetic  aperture  techniques  differs 
fundamentally  from  the  above  mentioned  technique.  Sources  and  detectors  do 
not  have  a  fixed  focus,  but are  essentially omni-directional,  and  every 
point  of  the  object  is illuminated many  times  and  from  many  directions. 
Doing  so,  the  information  of  every  object point is spread  out over  the 
recorded  image.  This  smearing  of  the  information  is  dealt  with  by 
combining  all  measurements  and,  using  knowledge  about  wave  propagation, 
calculating  the  sharp  image  from  the  measurements.  This  image  can  have  an 
optimal  lateral  resolution  for  every  depth  level. 
In  this  chapter  we  discuss  echo-acoustic  aperture  synthesis  in 
general.  First the  model  that describes  the  experiment  will.be  introduced: 
11  the  forward  problem".  Then,  armed  with  the  forward  model,  we  will  show 
how  the  measured  data  can  be  mapped  into  an  image  of the  object:  "  the 
inverse  problem  ".  A more  extensive  treatise on  this subject can  be  found 
in Berkhout  (4). 
- 24  -2.1  The  model,  the  forward  problem:  the  measured  data 
The  forward  problem  can  be  formulated  as  follows: 
••  Given  the  incident acoustic  source  field at the  surface of the  object 
and  given  the  acoustic  parameters  of  the  object, what  will  be  the 
reflected  acoustic  wave  field at the  surface of the  object ?  " 
In  the  following  section  we  refer to  figure  2.1.  An  arbitrary acoustic 
source  is  situated  at  the  surface of the  object,  at depth  level  z = z0. 
Due  to  the  limited  spectral  bandwidth  we  don't need  to  characterize the 
wavefields  and  object continuously  in  space  and  time,  but  are  permitted  to 
Fig.  2.1  The  forward  model 
use  a  spatially  and  temporally  sampled  description  of wavefields  and 
object.  For  sim-plicity  we  restrict ourselves  to one  lateral  dimension,  x, 
without  loss  of  validity  of  the  hereafter presented model.  The  source 
wavefield  at  the  surface  is then  denoted  by  the  vector  S(x,z=z0,f),  i.e. 
the  spectral  wavefield  component  with  temporal  frequency  f  (parameter)  at 
lateral  position  x  (variable)  and  at depth  level  z = z0  (parameter}.  If, 
for  example,  a  single omni-directional  transducer  is used,  all  elements  of 
vector  S are  zero,  except  for  the  one  corresponding  with  the  x-position of 
the  transducer.  The  emitted  wavefield  propagates  to  depth  level  z =  zm, 
described  by  the  propagation  (matrix)  operator  W (x,zm,z0,f). Omitting 
the  x and  f  argument,  we  can  write  for  the  source  wavefield  at depth  level 
z =  zm: 
(2 .1) 
At  depth  level  z  =  zm  the  source  wavefield  is reflected, described  by 
matrix  operator  R (x,zm,f).  The  reflected wavefield  at z =  zm  is given 
• 25  . by: 
(2.2) 
Next  we  can  describe the  propagation  of the  reflected wavefield  to the 
surface of the object (  z = z0)  by  a third operator: 
(2.3) 
Since  the  back  propagated  reflected  wavefield  is  not  in  every 
experiment  detected  at  every  x-position,  but  only  at certain (  one  or 
more)  detector  positions,  we  have  to  insert  a  detector  operator 
D (x,z,f),  which  accounts  for  all  spatial,  angular  and  frequency 
dependence  of the  detectors: 
This  is  the  measured  response  coming  from  depth  level  z =  ~  of the 
object.  By  repeating  this proces  for  all  depth  levels and  frequencies  of 
interest  and  combining  the  results,  the  response  of the complete  object 
can  be  modelled. 
When  repeating  this  experiment  with  different  source  and  detector 
positions,  we  can  join  the  various  source  vectors  in  a source matrix 
S (x,z,f)  and  do  the  same  with  the  various  response  vectors to fonm  a 
response  matrix  P  (x,z,f).  Now  the  complete  assembly  of experiments  can 
be  denoted  by: 
With  this  equation  we  mean  to  say:  during  the  ith echo  experiment  we 
measured  a  response  written  down  in  the  ith column  of matrix  p  and  it 
can  be  modelled  by  application of the  operator  DWRW  on  the  ;th column 
of the  source matrix  S , containing  the  then  used  source  wavefield. 
- 26  -2.2  The  inverse  problem:  the  image 
The  inverse  problem  can  be  formulated  as  follows: 
•  Given  the  reflected wavefield  and  given  the  incident source 
waveffeld  at the  surface of the object, what  are the  acoustic 
parameters  of the  object 1  " 
For  the  solution  of  this  problem  we  take equation  2.5  as  a starting 
point  and  aim  now  at the  estimation of matrix  operator  R •  From  eq.  2.5 
it  will  be  clear  that  the  measured  data  matrix  P  contains  all  the 
information  of  matrix  R ,  but  it  is  distorted  by  the  source matrix 
S ,detector  matrix  D and  the  propagation matrices  ~ •  In  other words:  in 
order  to  reconstruct  the  reflection  properties  of the  object(  i.e. to 
image),  we  have  to compensate  for the  propagation  of the  waveffelds  in  the 
object and  for  the  source  and  detector configuration. 
First  we  compensate  for  the  propagation  of the  source  wavefield  in  the 
object, by  using  an  inverse  operator defined  by: 
(2.6) 
The  -1  denotes · inversion  in  some  optimum  sense.  Application  of this 
operator to  P  gives: 
(2.  7) 
where  the  ~ sign  accounts  for  the  approximation  of the  inverse  operator. 
If  we  compensate  analogously  for  the  propagation  of the  upward  travelling 
reflected wavefield  with  operator  F  (zm•Zo): 
(2.8) 
- 27-then  we  get: 
F (zm,zo>  P  (z0) F (z0,zm)  ~ 
~  ( D (z0)  ~ (z0,zm>-l  D (z0) W  (z0,zm)  R (zm) 
~  R (z  )  m  (2.9) 
Repeating  this proces  for all  depth  levels and  all  frequencies  of  interest 
will  give  the  image  of  the  complete  object.  This  will  be  demonstrated  from 
an  example  in  the  next  chapter. 
3 SYNTHETIC  ZERO-OFFSET  FOCUSSING 
The  general  inverse  procedure  as  treated  in  chapter  2  is in  many 
practical  situations  unnecessarily  complicated  and  (computer)time 
consuming.  In  most  medical  situations  the  object  is  more  or  less 
homogeneous  for  wave  propagation  velocity  and  data  aquisition is carried 
out  with  coinciding  source  and  detector  (  zero  offset between  source  and 
detector).  These  two  facts  facilitate the  imaging  a great deal.  We  will 
first  show  that  under  these  assumptions  the  operator W  is a very  simple 
one  and  that the  inverse  operator F is easy  to  derive.  Then  a mathematical 
trick  and  a reformulation  of our  model  will  be  introduced  which  enable  the 
imaging  of all  depth  levels in  one  operation. 
Due  to  the  fact  that  the  object is homogeneous  for  wave  propagation, 
we  can  take  advantage  of working  in  the  wavenumber-frequency  domain.  By 
two  dimensional  Fourier  transformation  of  a wavefield  we  decompose  the 
complicated  wavefield  into  a set of simple  plane  waves.  The  propagation  of 
a  plane  wave  over  a distance z  in  the  z-direction  in  a medium  with  wave 
propagation  velocity c can  be  described  by  a  simple  phase  shift: 
(3.1) 
where  kz  =  ( (w/c)2 - kx2  11/2  ,  kx  the  wavenumber  in  the 
x-direction,  and  j 2  =  -1.  This  means,  that we  can  take  the  exponent  in 
eq.  3.1  to be  the  continuous  Fourier  representation of the  propagation 
- 28  -operator  ~- Now  it is easy  to  see  that the  inverse  propagation  of  a  plane 
wave  is described  by  a  phase  shift in  the  opposite direction: 
(3.2) 
which  gives  us  the  operator F.  In  principle the  inverse  problem  has  now 
been  solved,  but  we  still  have  to  do  the  job  for  all  depth  levels 
separately.  The  fundamental  reason  for  this  is  that  although  every 
separate  echo  experiment  can  be  described  by  the  wave  equation,  this does 
not  hold  for  the  ensemble  of the measurements.  However,  for  this special 
case  of  coinciding  source  and  detector  in  every  mearurement,  we  can 
reformulate  the  problem  in  such  a way,  that the  wave  equation  holds  for 
the  ensemble  of  measurements.  This  new  model  is called the  exploding 
reflector  model  with  the  half velocity substitution.  Instead  of a model 
with  sources  and  detectors  at the  surface of the  object,  we  use  a model 
with  only  detectors at the  surface of the  object and  where  all  diffractors 
and  reflectors  in  the  object are  substituted by  acoustic  (point)  sources. 
At  time  t  = 0 all  these  sources  start to  emit  acoustic  energy.  These  waves 
propagate  to  the  surface  of  the object with  half the  original  propagation 
velocity:  c  =  c/2,  see  fig.  3.1.  In  this model  the  recorded  traveltimes 
are  correct,  but  the  amplitude  is  slightly distorted,  compared  to  the 
correct model • 
X  X  )(  X 
C/2 
Fig.  3.1  The  reformulation  of the  model:  the  exploding  reflector model 
Now  we  can  estimate  the  reflectivity  distribution  in  the  object by 
calculating the  pressure distribution at time  t  = 0,  when  all  sources 
- 29  -started to  send  out their waves.  So  the question  is: 
Given  the measured  response  p(x,z=O,t),  what  was  p(x,z,t=O) 
in our  exploding  reflector model  ? 
We  start  the  derivation  with  a  two-dimensional  Fourier  transform  of the 
wanted  result and  then  work  backward  to  the  measured  wavefield: 
. (  3.3) 
Next  we  apply  an  inverse wavefield  extrapolation to  depth  level  z = 0: 
P(k  ,z,w}  = P(k  ,O,w)exp(+jk  z) 
X  X  Z  (3.4) 
where  k  = (k2 - k 2>1/2  ,  k =  wfc  and  c = c/2.  Following  Stolt 
Z  X 
(5)  we  map  the  w-axis  into the  kz-axis  (  see  fig.  3.2): 
P(k  ,O,w}  = P(k  ,O,c(k2 + k2}112)  ____..  P' (k  ,k  ,t=O)  (3.5) 
X  X  X  Z  X  Z 
and  replace  the  integration variable  w  by kz: 
dw  = c r  kz  J dkz  =  J  dkz 
L~'k
2 + k 2  ]  ·l  X  Z 
(3.6) 
kx ....____.. 
a  b 
Fig.  3.2a  Data  in  kx- ~  domain,  before  mapping  of  w -axis to  kz-axis 
b Data  in  kx-kz  domain,  after mapping 
• 30 • Combining  eqs.  3.3  to 3.6  we  get: 
where 
p•(k  k  t=O)  = P(k  z=O  c{k2 +  k2)1/2)  x'  z'  x'  '  x  z  {  3 .a} 
The  result  of  this  focussing  procedure  applied  to  the  dataset of 
fig.  3.2d  is  given  in  fig.  3.2e  •  It is clear that the  object is  imaged 
sharply  at  every  depth  level  and  the lateral  resolution  is even  better 
than  the  axial  resolution.  The  same  object  has  been  scanned  with  a 
real-time  scanner  having  one  focus  distance  in  transmission  (  at z = 90 
mm)  and  time  varying  focus  distance  in  reception  and  the  produced  image 
can  be  seen  in  fig.  3.2f. Apart  from  the  depth  varying  focus  quality,  the 
lateral  resolution  is  worse  due  to  the limited aperture angle  of such  a 
scanner. 
x~ 
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Fig.  3.2c  The  object 
d  The  measured  Zero-Offset dataset 
- 31  -Fig.  3.2e  The  image  after synthetic  focussing  of the  dataset of fig.  3.2d 
3.2f The  image  as  produced  by  real-time scanner  having  a  fixed  focus 
in transmission  (  at z = 90  mm)  and  a  time  varying  focus  in 
reception. 
Dynamic  range  20  dB  in  both  images 
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To test the degree of transferability of ultrasound  -image texture parameters, an 
electronic phased array sector - and static  grey scale_ compound system have been 
compared  using the  results  of our liver and  thyroid  clinical  studies.  It is  shown 
that, for the thyroid studies, the normalized values of the relative frequency of edge 
elements, entropy from the cooccurrence matrix and mean greylevel are transferable 
from  one  system  to  the  other without  loss  of diagnostic  accuracy.  For  the  liver 
studies  however,  only  the  relative  frequency  of  edge  elements,  entropy  and 
correlation  from  the  cooccurrence  matrix  are  equally  well  transferable.  The 
diagnostic  information  however  obtained  by  the  mean  greylevel  differs  in  both 
systems.  It  is  demonstrated,  that  the  diffraction - correction  of images  from  the 
phased  array  sector  system  significantly  improves  the  transferability  of  the 
parameters. 
Key Words:  B-scan image analysis;  liver disease;  pattern recogmnon; rf-signal 
analysis; thyroid disease; ultrasonic tissue characterization 
INTRODUCTION 
Over the past five  years two different ultrasonic tissue  characterization systems 
have  been  used  at  the  Institute  of  Nuclear  Medicine  of  the  German  Cancer 
Research Center [  1].  In several clinical studies a  texture parameter set of about 20 
individual features  based on the  cooccurrence and runlengths matrices,  on the first 
order greylevel and gradient statistics and on the two dimensional power spectrum 
have been selected to describe tissue specific signatures. 
Obviously,  the  actual  values  of  image  texture  parameters  depend  on  physical 
properties  and  the  hardware/software  configuration  of  the  ultrasonic  tissue 
characterization  system.  To test  the  degree  of transferability of these  parameters, 
we compared our electronic  phased array sector - and static  grey scale  compound 
systems using the results of clinical liver and thyroid studies. 
After discussing  the  transferability of texture  features,  we  describe  our method  to 
obtain  the  power  spectrum  and  the  envelope  of  the  rf echo  signal  from  an 
downmixed intermediate signal. 
• 35 • Fig. 1. Brightness diffraction 
correction function used. 
Fig. 2. Thyroid comparision study: 
discrimination results using 
both systems. Tissue states 
examined are 'normal', 
'malignant' and 'cystic'. 
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1.50 DATA ACQUISmON SYSTEMS 
In this  study,  two  different  data acquisition and evaluation systems  have been 
used. 
The Picker Echoview 80 L  static grey scanner with a  3.5 MHZ (liver study) and a 
5  MHz (thyroid study) single  crystal transducer is  used as a  front  end in the first 
system.  Each  liver  or  thyroid  scan  consists  of 1024  video  A -lines  which  are 
sampled  and  digitized  with  an amplitude  resolution  of 8  bit.  Data  acquisition  is 
carried  out using  a  standard PDP - 11/34  computer.  The acquired amplitude and 
location data are stored on a  magnetic tape.  Further processing is performed off line 
by means of a VAX- 11/780 computer. 
From the set of A -lines and the location information, the two - dimensional digital 
image is  generated using the interpolation scan conversion method and displayed on 
a  Ramtek image display system.  The image matrix with a  pixel resolution  of 1.2 
mm for the liver image and 0.3 mm for the thyroid image respectively is created by 
choosing  a  ROI  from  a  RAMTEK  display  and  stored  for  further  mathematical 
processing. 
A  Hewlett  Packard  HP77020A  phased  array  electronic  sector  scanner  (Radiology 
version)  is  used  to  acquire  the  video  A -lines.  The  90  degrees  sector  image  is 
acquired in 120 consecutive lines of 396 points each, with a amplitude resolution of 
6  bits.  Using  the  interpolation  scan  conversion  method,  the  image  matrix  with  a 
pixel resolution of 0.47 mm for  the liver image and 0.33 mm for the thyroid image 
respectively is build up and stored for  further processing.  No attenuation correction 
before texture analysis is done. 
In addition,  the intermediate signals with a  carrier frequency  of 2.1  MHz for  the 
3.5  MHz  transducer  and  of 2.5  Mhz  for  the  5Mhz  transducer  respectively,  are 
acquired within the selected region - of-interest  and sampled at a  frequency of 16 
MHz and an amplitude resolution of 8 bits and stored with the location information 
on the disk. 
The  highspeed  data  interface  is  driven  by  a  Hewlett  Packard  HP1000 - A600 
microcomputer (main storage capacity being 2  Megabytes,  disk storage capacity 64 
Megabytes)  providing  sufficient  memory  and  processing  speed  to  acquire,  process 
and store the ultrasonic information. 
TEXTURE ANALYSIS 
The  software  components  of both  systems  enable  to  calculate  a  basic  texture 
parameter set of more than  100 individual features.  The parameters originate from 
the  first- order greylevel  statistics,  i.e.  greylevel  histogram,  the  first  order gradient 
statistics,  the power spectrum,  the second-order greylevel or gradient statistics,  i.e. 
the  greylevel  or  gradient  cooccurrence  matrix  and  from  the  greylevel  runlength 
histograms. 
From this  set  of parameters  which  is  described  in detail  elsewhere  [2]  ,  nineteen 
optimum parameters have  been selected  using the  factor  and discriminant analysis 
approaches (  mean greylevel,  variance of greylevels,  ten percent quantile,  skewness 
and curtosis  of the  greylvel  distribution,  mean gradient,  variance  of gradients  and 
relative  frequency  of edge  elements,  central ring sum and sector sums in the axial 
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Fig.  3.  Liver comparision study:  discrimination  results  using both systems.  Tissue 
states examined are 'normal'  and 'malignant'. 
• 38  . and lateral direction respectively from the power spectrum, contrast, second angular 
moment,  entropy and correlation  from  the  greylevel  coocCUITeDce  matrix  with the 
displacement  of four  pixels  in  the  axial  d.irection,and  run  percentages,  long - run 
emphasis,  greylevel  distribution  and  runlength  distribution  from  the  greylevel 
runlength matrix with the axial runs and 4 byte greylevel resolution). 
The above features have been tested for transferability. 
PROOF OF TRANSFERABILITY 
The following statements describe our method to obtain transferable features: 
A. For a  given tissue characterization system,  there is  a  set  A  of orthogonal B-
mode image features, describing the  system image properties. This set can be found 
using the factor analysis approach. 
B.  For  a  given  clinical  problem,  there  is  a  set  B  of B-mode  image  features, 
which  carry  diagnostic  information  about  the  tissue  of interest.  This  set  can  be 
found using the discriminant analysis approach. 
C. For a  given tissue characterization system  81  and a  given clinical problem, the 
intersection (A(\ B)/81  is  obviously a  set of diagnostically relevant B-mode image 
features,  which are mutually orthogonal. 
D. For two different systems  81  ,  82  and a  given clinical problem, all  features, 
which  are  contained  in the  intersection  (A(\ B)/81  (A()  B)/82  are  suitable  for 
proof of transferability. 
E.  After  normalization,  the  features  yielding  a  similar  discrimination  between 
defined diagnostical classes in both systems are transferable. 
DIFFRACTION CORRECTION 
In  radiofrequency  signal  analysis,  it  is  generally  accepted  that  diffraction 
correction  must  be  applied  to  eliminate  transducer - specific  properties  from  the 
signal  spectra.  Using  a  tissue  mimicking  phantom,  Volk.  [3]  has  shown,  that  the 
spatial  distribution  of greylevels  in  the  phased  array  sector  B - mode  image  is 
strongly position - dependent without brightness diffraction correction. 
To tackle  this  problem,  we  measured the  image brightness as  a  function  of depth 
and  angle  using  a  movable  tissue  phantom  in  a  water  tank.  The  phantom  was 
positioned at varying depths and angles, and the brightness was measured just below 
the top of the phantom to find  the correction function value for  different depth and 
angle settings.  From these measurements a  brightness diffraction correction function 
was  calculated (see  figure  1.) and used to correct all liver images  from  the phased 
array sector system. 
CLINICAL RESULTS 
To evaluate our approach, 23  images of normal thyroids, 32 images of thyroidal 
carcinomas and 21  images with cystic lesions  was  selected  from  the Picker system. 
60 images of normals,  48 images of thyroidal carcinoma and 54 images of thyroidal 
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Fig.  4.  Liver compans1on  study:  discrimination results  using both systems.  Tissue 
states examined are 'normal' and 'diffuse disordered'. 
- 40  -cysts have been obtained from the HP sector scanner. 
After  gaussian  normalization,  the  mean  greylevel,  relative  frequency  of  edge 
elements  and  entropy  yielded  the  best  discrimination  between  the  defined  tissue 
classes  (  Fig.  2).  The diamonds  represent  normal  images,  the  circles  the  tumors 
and  crosses  the  cysts.  The  full  transferability  of features  is  demonstrated  by  the 
almost identical location of clusters. 
In the liver studies,  181  images showing diffuse liver diseases,  109 images showing 
malignant  liver  diseases  and  91  normals  acquired  with  the  Picker  system  were 
selected.  Further, 78 images of diffuse liver diseases ,  48 of malignant liver diseases _ 
and 38 normals acquired with the HP system have been analyzed. 
For the discrimination of malignant liver tissue  (crosses  on the  fig.S)  from  normal 
liver (circles on the figure  3.  ),  the relative frequency of edge elements, entropy and 
correlation proved to be transferable from one system to the other (see figure 3.). 
For the discrimination between diffuse liver diseses and normals, the mean greylevel, 
entropy and  relative  frequency  of edge  elements  yielded  a  good  results  using  the 
Picker system (upper section of fig.4).  The crosses  represent diffuse,  circles normal 
liver images. 
Using the HP system without a  diffraction correction however, discrimination of the 
two classe was not possible (intermediate section of fig.4). 
After  diffraction  correction  (lower  section  of fig.4)  ,  the  discriminative  power and 
the  degree  of transferability  of both  the  relative  frequency  of edge  elements  and 
entropy  was  significandy  higher.  The  correction  however  firiled  to  improve  the 
discriminative power of the mean greylevel in the HP system. 
OUTLOOK 
Recendy,  three  interesting  ultrasonic  tissue  scattering  parameters  have  been 
defined  and  accurately  measured  from  the  first - and  second - order  statistical 
properties of the intensity image texture [4].  To calculate these  features  as well  as 
the attenuation coefficient,  the envelope and the power spectrum of the unprocessed 
rf-signals must be available. 
A  method  to  reconstruct  the  original rf-signal  from  the  downmixed  intermediate 
frequency signal is shown for the 3.5 MHz transducer in the figure 5. 
This reconstruction will  us  enable  to calculate the above scattering and attenuation 
parameters  to  test  the  diagnostic  performance  of  these  parameters  using  our 
extensive databank of liver images in comparison to the diagnostical  power of  our 
B - mode images parameters. 
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- 42  -PREPROCESSING  AND  TEXTURE  ANALYSIS  OF  IN  VIVO  B-MODE  ECHOGRAMS 
ABSTRACT 
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A preparatory study of  the  feasability of tissue characterization 
with  ultrasound  has  resulted  in  the  development  of  a  mobile 
measurement  set-up,  which  can  be  employed  in  clinical  use.  Several 
corrections  have  to be  carried out on  the  RF-signals  before analysis 
can  take  place.  Equipment  dependencies  that have  to  be  corrected  for 
are  the  time  gain  compensation,  the  gain  compression  and  the 
diffraction and  focussing effects.  These  corrections and  additionally 
a  correction  for  the  attenuation,  also have  to  be  applied  to the  RF 
data prior to B-mode  image.  construction  and  subsequent  statistical 
texture analysis.  The  preliminary results of  a  clinical  in vivo pilot 
study are discussed. 
Key  words:  attenuation,  cirrhosis,  correction,  diffraction  effect, 
focussing effect,  liver,  speckle,  texture,  ultrasound 
1  INTRODUCTION 
Several years  ago  in-vitro  experiments  were  performed  in  our 
laboratory  to  investigate  the  possibilities  of differentiation of 
pathological  from  normal  tissue,  using  acoustic  parameters,  like 
attenuation  and  sound  velocity,  and  echographic  texture  parameters 
like  reflectivity and  correlation distance  [1].  The  goal  was  to  find 
a  method  that  would  be  clinically applicable.  The  experiments  were 
performed  on  liver biopsies,  first of  the  goat  and  later of  the  human. 
After  each experiment  the histology was  judged  by  a  pathologist,  which 
procedure  enabled  the  search  for  correlations between  histologic  and 
acoustic  parameters.  In  order  to  be  able  to avoid  inconsistent 
results a  good  understanding is needed of  the  physical  mechanisms  that 
influence  the  estimation of  the  echographic  and  acoustic parameters. 
Therefore  an extensive  computer  simulation  study  was  carried  out, 
concerning  the  production,  the  propagation  through  tissue,  the 
scattering and  the  reception of ultrasound pulses  [2,3].  From  these 
studies  the  conclusion was  drawn  that a  depth  independent estimation 
of  the  parameters  can only be  obtained if corrections are  carried  out 
for  the  diffraction  and  focussing effects,  which  are  caused by  the 
transducer  geometry.  In  case  of  B-mode  analysis also a  correction for 
the  attenuation,  caused  by  the  tissue  should be  applied. 
2  MEASUREMENT  SET-UP 
The  measurement  set-up  (4]  is controlled by  a  Professional  380 
microcomputer  (Digital),  which  is  also used  for  the  storage of  the 
data.  As  ultrasonic  frontend  a  Sonoline  3000  (Siemens)  is used.  This 
- 43  -is  a  conventional  B-mode  sector  scanner with  a  fixed  focus  transducer 
(f  =  3.0  MHz,  bandwidth= 1.1  MHz,  focus=  7.5  em).  The  RF  signals 
arS  tapped  off after  the  time  gain  compensation  (TGC)  amplifier,  and 
prior to  the  logarithmic  compression  and  the  demodulation.  The 
signals  are  digitized  by  a  BE256  transient  recorder  (Bakker 
Electronics)  which  has  a  resolution of  8  bits,  and which  can  operate 
at  sampling  frequencies  up  to  50  MHz.  Along with  the  RF  signals  the 
steering voltage of  the  TGC  amplifier is  recorded  and  stored.  The 
recorded  RF  signals  correspond  to  a  region of  interest  (ROI)  that  can 
be  selected on  the  screen of  the  Sonoline  scanner. 
3  PARAMETERS  FOR  TISSUE  CHARACTERIZATION 
The  parameters  we  want  to estimate  from  the  echosignals  are  the 
ones  that  proved  useful  in  the  in-vitro  and  computer  simulation 
studies.  These  are  supplemented  with  some  parameters  taken  from 
literature. 
The  acoustic parameters  are  the  slope  of  the  frequency  dependent 
attenuation  coefficient,  the  attenuation at the  working  frequency  of 
the  transducer  and  the  backscatter coefficient.  Apart  from  being  a 
tissue  characterizing  parameter,  knowledge  of  the  attenuation 
coefficient is necessary for  the  correction of  the  B-mode  images. 
The  texture parameters  (parameters  estimated  from  the  B-mode 
images)  fall  into  two  categories:  the  first  and  second  order 
statistical parameters.  The  first  order  parameters  are  determined 
from  the  amplitude  histogram.  They  are  the  average  echoamplitude  (p) 
and  the  average  divided  by  the  standard  deviation,  also  termed  the 
Signal  to  Noise  Ratio  (SNR).  In  our  simulation studies  [3]  we  found, 
as  can  be  expected  on  theoretical grounds,  that 
p  (:)In  ( 1) 
in which  n  is the  number  of scatterers contributing  to  the  detected 
echo  signal.  The  SNR  was  found  to  increase  with  the  number  of 
contributing scatterers, until  a  limit of 1.91  was  reached  at  high 
densities.  This  limit is also  known  as  the  Rayleigh  limit. 
The  second  order  parameters are  measures  of  the  spatial properties  of 
the  texture.  From  the  autocovariance  function  (ACVF)  of  a  B-scan  the 
average  size of  the  speckle  can  be  estimated.  The  parameters  related 
to  this  size  are  the  Full Width at Half  Maximum  (FWHM)  in axial  and 
lateral directions.  Our  simulation  study  [3]  showed  that  these 
parameters  decrease with  increasing number  of contributing scatterers, 
until  a  limit is  reached at  high  densities.  In  this  limit  these 
parameters  can  be  shown  to  depend  on  transducer  characteristics only 
[5].  Since  there  are  indications  that  scattering  structures  are 
present  in  tissues  (liver)  with  densities well  below  the  Rayleigh 
limit,  we  think it is worthwhile  to estimate  these  parameters. 
In addition  to  the  parameters  related to  the  size of  the  speckle  the 
ACVF,  or  its  Fourier  transform,  which  is the  power  spectrum  (PS), 
allows  the  estimation of  a  parameter  related to  the  regularity of  the 
texture  pattern.  This  parameter  has  been  called  mean  scatterer 
spacing  in literature  [6,7],  because it is thought  to  correspond  to 
structered,  or  coherent  scattering  in  the  tissue.  The  parameters 
listed so  far all have  some  physical  basis.  In literature also  a  wide 
- 44 • variety  of  texture  parameters  is  used  without  a  direct physical 
meaning,  such  as  those  determined  from  the  cooccurrence  matrix  and  the 
greylevel  runlength matrix  [8]. 
4  CORRECTIONS 
4.1  Theoretical  Background 
The  echoes  received  by  the  transducer  are  the  result  of  the 
coherent  accumulation  of backscatterings  from  inhomogeneities  in  the 
tissue.  The  signal  as  it  is  observed  depends  on  the  transducer 
geometry  and  the  properties of  the  interrogated medium.  This  can  be 
described  by various  transfer  functions,  of which  the  following  can  be 
distinguished: 
*  P(f)  the  electroacoustic  roundtrip  transfer  function  of  the 
piezoelectric  material  of  the  transducer,  which  is involved  in  the 
conversion of electric energy to acoustic energy  and  vice versa, 
*  S(f)  the  average  backscatter  coefficient  of  the  tissue 
inhomogeneities,  which  is assumed  to  be  space  invariant  in  the  region 
of  inte~est  (hom~geneous and  isotropic), 
*  Df(f,r),  D'(f,r)  the  transfer  functions  associ~ted with  the  impulse 
response  funetion  of  the  transducer at position  r,  in transmission  and 
reception,  respectively.  These  transfer  functions  depend  on  the 
transducer  ge~metry and  the  propagation characteristics of  the  medium. 
If the  point  r  is approximately  equidistant  to  all  points  of  the 
transducer  aperture,  these  transfer  functions  may  be  separated  in a 
tissue  transfer  function  and  a  diffraction transfer  function: 
Df(f,i)  Dt(f,i)A(f,r) 
D~(f,i)  =  Dr(f,i)A(f,r) 
( 2) 
The  functions  D (f,i)  and  D (f,l)  relate  to  the  impulse  response 
functions  in  ~ lossless  me~ium and  are  identical due  to  the validity 
of  reciprocity in pulse-echo mode. 
A general description of  the  tissue  transfer  function  is given  by 
A(f,r)  •  exp[-~(f)r]  ( 3) 
Usually the attenuation coefficient  (f)  is approximated  to  be  linear 
with  frequency 
~(f)  =  a.1 . f  ( 4) 
Using  the described transfer  functions  the  echosignal  due  to  one 
scatterer at position  r  can  be  described  by 
E(f)  •  P(f)  Df(f,l)  S(f)  D~(f,l) 
•  P(f)  o2(f,i) A2(f,r)  S(f) 
Written as  a  function  of  time  we  have 
~  ~  e(t)  = p(t)*d(t,r)*a(t,r)*s(t)*a(t,r)*d(t,r) 
- 45  -
( 5) 
( 6) where  *  denotes  a  convolution.  If  there  is  more  than  one 
inhomogeneity  present  in  the  tissue  the  resulting echosignal  is the 
coherent  summation of  the  individual  echoes 
in which  j  is the  index of  the  scatterer 
frequency  domain  this is equal  to 
at  position 
E(f)  •  2:  Ej(f) 
j 
~ 
2  ...  2  = P(f)  S(f)  D (f,rj)  A (f,rj) 
= P(f)  S(f) r 
2  ...  exp[-2cx(f)rj]  D (f,rj) 
j 
( 7) 
In  the 
( 8) 
provided  the  backscatter  function  S(f)  is  the  same  for  all 
inhomogeneities.  If  only  a  small  time  portion of  the  echosignal  is 
considered the  individual  echoes e.(t) will  come  from  inhomogeneities 
in  a  small  volume  at  axial  d~stance  z  from  the  transducer.  The 
distances  r.  are  approximately equal  to this depth  z  and  therefore  the 
attenuation]  factor  can  be  approximated  by  exp[-2cx(f)z]  Also  the 
diffraction transfer  function  can  be  approximated  by  an  average 
transfer  function  dependent  on  depth D(f,z).  The  echosignal  from  a 
volume  at depth  z  can  now  be written as 
Ez(f)  = P(f)  S(f)  o2(f,z)  exp[-2cx(f)z]  (9) 
From  this equation it is clear that a  depth  independent  estimation  of 
the  attenuation is only  possi~le if the  average  transfer  function  due 
to diffraction and  focussing  D (f,z)  is known. 
4.2  Correction Methods 
Before  any analysis  can  be  performed  the  TGC  must  be  removed  from 
the  signals.  The  steering  voltage  of  the  TGC  amplifier,  which  was 
recorded  along  with  the  RF  signals,  corresponds  to  a  certain 
amplification  factor.  This  relationship was  determined  by  measuring 
the  echo  of  a  single  scatterer  at  a  number  of  TGC  amplification 
levels.  The  frequency  dependence  of  the  amplification was  determined 
from  the  power  spectra of  the  echosignals.  Figure  1  shows  that we  can 
do  with one  TGC  correction curve  for all frequencies. 
2  The  average  transfer  function  due  to  diffraction  and  focussing 
D  (f,z)  was  measured  by  estimating  the  power  spectra of  the  echo 
signals  from  a  tissue mimicking  phantom  for  a  range  of  depths.  The 
phantom  was  placed in a  waterbath,  and  for  every depth  the  transducer 
was  repositioned  in such  a  way  that the  recorded  echosignals  came  from 
the  same  volume.  For  each  depth  100  independent  RF-scans  were 
recorded.  Then  the  power  spectra  of  a  windowed  section  of  these 
signals,  corresponding  to  the  chosen volume,  were  averaged.  This  was 
repeated  for  38  distances  between  the  transducer  and  the  surface  of 
the  tissue  phantom.  The  resulting spectrogram  (fig.  2)  is the  average 
- 46 -diffraction filter  multiplie~ with  2he  transfer  function  SP  of  the 
scatterers  in  the  phantom  ID  (f,z)l  .sph(f)  The  latter term  ~s divided 
out  in  the  procedure  to  estimate  ~he  attenuation  coefficient. 
Together  with  the  TGC  correction this procedure yields  an  unbiased 
estimate of  the  attenuation  from  the  power  spectra of  the  echosignals 
in a  certain usable  bandwith. 
-~T---.--.,--.---.---r--~--,---+ 
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TGC-VAL.UE  ----> 
Figure  1.  Amplification as  a  function of  the  steering voltage  of  the 
TGC  amplifier  for  the  central  frequency  and  two  frequencies at either 
boundary of  the  used  frequencyband. 
15  em 
"\ 
I 
I 
Figure  2.  The  diffraction spectrogram. 
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6  MHz If we  want  to correct B-mode  scans,  the  RF-signals  themselves 
have  to be  corrected.  After  the  TGC  is  removed  from  the  RF-signals we 
should compensate  for  as well diffraction and  focussing  effects as  the 
attenuation,  since both phenomena  cause  a  depth dependent  texture. 
The  best way  one  could correct for diffraction and  focussing  effects 
is  by  inverse filtering for  the  depth dependent  point  spread  function 
of  the  transducer.  This  involves  two  dimensional  convolutions  in  a 
number  of  sections  of the  image.  Because  this method  would  be  very 
time  consuming  we  have  tried  a  one  dimensional  deconvolution  for 
removing  attenuation and  diffraction effects  instead.  Figure  3  shows 
that this method  accomplishes  a  correction with  respect to  the  first 
order  characteristics  of  the  texture.  If however  the  size of the 
speckle  is ·considered it will  be  clear  that  this  method  does  not 
achieve  a  satisfactory depth  independence with  respect  to  the  second 
order characteristics.  Obviously a  deconvolution also  in the  lateral 
dimension  is necessary,  when  the  texture is to  be  analysed. 
Figure  3.  Original  sectorscan with  TGC  and  image  with  attenuation 
correction. 
5  PILOT  STUDY  (LIVER)  AND  ATTENUATION  RESULTS 
In  cooperation with  the  departement  of Radiology  in our  hospital 
we  have  started  a  pilot project in which  an  attempt will  be  made  to 
differentiate patients having  a  biopsy  proved  liver  cirrhosis  from 
patients  with  a  normal  liver.  We  have  acquired data  from  a  group of 
healthy volunteers,  which will  serve  as  control  group.  For  this  group 
we  have  determined  the  attenuation coefficient  a  [9].  This was  done 
by  calculating the  power  spectra  in  50%  overlappibg  windows  averaged 
over  the  recorded RF-signals.  After dividing  these  power  spectra by 
the  corresponding diffraction spectra,  a  straight line was  fit in  the 
depth direction,  through  the  resulting spectra,  for  every  frequency  in 
the  chosen  frequency  band,  resulting in slope values  a  f,  for  every 
frequency  sample  f ..  Through  these  figures  a  straight line was  fit in 
the  frequency direetion,  resulting in estimations  for  a1 •  The  unit of 
a 1  is  Np/cm.MHz.  In units of  dB/cm.MHz  a  factor  of  20/lnlO  must  be 
taken into  account. 
The  results  for  the  group  of volunteers are  shown  in  the  histogram  of 
figure  4.  The  average  value  for  the  attenuation coefficient in this 
group was  found  to be  0.70  (0.05)  dB/cm.MHz. 
- 48  -Attenuation coefficient  [dB/cm.MHzJ 
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Figure  4.  Histogram of  the  attenuation coefficient  for  the  control 
group 
6  SUMMARY 
A measurement  set-up was  developed  which  can  be  used  in  the 
clinic.  Using  this  set-up we  are  performing  a  pilot experiment  for 
the differentiation of liver cirrhosis.  Data  were  acquired  from  a 
group  of  healthy volunteers,  which will  serve  as  control  group.  The 
average  value  of  the  attenuation  found  in  this  group  was  0.70 
dB/cm.MHz. 
In  the  meantime 
correct  B-mode 
diffraction and 
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- 50  -FIRST  AND  SECOND  ORDER  STATISTICS  FOR 
ATHEROSCLEROSIS  DETECTION 
Casini A.,  Lotti F.  -!st. Ricerca Onde  Elettrom.  (CNR),  Firenze,  I 
Bernardi  P.  Dip.  Ing.  Elettronica,  Universita  di Firenze,  I 
Lattanzi F.,  Picano E.  !st. Fisiologia Clinica  (CNR),  Pisa,  I 
This  study  was  designed  to determine whether  a  quantitative 
analysis of integrated backscatter  amplitude is  potentially useful 
in characterizing the atherosclerotic lesion.  1024  (32  X  32)  measu-
rements  were  made  on  fixed aortic regions  (  rv 2  em  X  2  em)  of  3  nor-
mal  and 8  atherosclerotic walls.  A  5  MHz  transducer was  used.  First 
and second order statistics  of  the  integrated  volume  backscatter 
amplitude  were  calculated. 
First  order  Standard  Deviation,  Energy  and Entropy  and  second 
order Contrast and Entropy  appeared to  be  good  candidate features 
for classification ('normal'  versus  'atherosclerotic'). 
Key  words: 
ultrasonic  tissue 
atherosclerosis, 
echocardiography. 
INTRODUCTION 
characterization,  integrated  backscatter, 
image  analysis,  statistical classification, 
In  previous  studies  we  evaluated the acoustic properties of 
arterial tissue  by  estimating different  parameters such  as ultra-
sonic attenuation  (~ ,  angular behaviour of the  internal backscatter 
[ 6]  ,  backscatter value as  a  function  of frequency  [  7)  •  In particu-
lar,  we  have also  shown  the usefulness of assessing histograms  of 
echo  amplitude  in normal  and  diseased arterial regions  [~. 
The  two-dimensional spatial pattern  of  grey  levels,  however, 
may  contain  more  information  than  what  is apparent in the first 
order overall distribution of echo  amplitudes  [2,  3,  1~. 
We  postulated that  the  analysis  of  second  order histograms 
could supply  accurate methods  to differentiate normal  from  abnormal 
arterial structures.  Therefore  we  planned  to perform  some  'in vi-
tro'  experimental  tests on  images  generated by  volume  backscattered 
signal. 
•  51  • EXPERIMENTAL  PROCEDURE 
Specimens  of  arterial  wall  were  taken  from  human  aortas at 
autopsy,  cut down  the anterior midline  and  placed in  5%  formalin. 
They  were  selected to  consist of diseased - non  grossly calcific -
atherosclerotic regions  along with  regions,  whenever possible,  of 
relatively normal  tissue.  The  presence of macroscopic  calcification 
was  a  criterion of exclusion  from  the  study. 
For  the ultrasonic measurements,  the excised  samples  of aortas 
were  opened flat,  mounted  on  a  metallic hollow-rimmed  sample-holder, 
placed in a  water  tank  (20° C)  with the  endothelium facing  the tran-
sducer.  The  distance of  the  transducer  from  the sample-holder base 
was  kept costant for all the  experiments  (60  ~sec),  corresponding to 
a  distance of 33  mm  from  the outer coat of the aortas. 
The  transducer  was  a  broadband  unfocussed transducer  OTE 
127200H,  6  mm  diameter,  5  MHz  of nominal  frequency,  which was  actua-
ted as  both transmitter  and  receiver  by  means  of a  broadband pul-
ser/amplifier  [1~.  The  operating  frequency  of  the  transducer was 
nearly  the  maximum  allowed  by  the  digitizer used at IROE/DIE  when 
the  measurements  were started.  A  faster one  is now  available  [15] 
and will  be  eventually used  to get new  sets of measurements. 
A 19.37  mm  X 19.37  mm  region of each tissue sample  was  scanned 
by  the perpendicular ultrasonic beam  at the  1024 sites of a  32  X 32 
square array.  The  precision of  the  computer  controlled mechanical 
movements  was  0.01  mm. 
The  received  R.F.  signals were  digitally captured  at a  sam-
pling rate  of 16.6  MHz  (61  nsec  sampling time),  8  bits of quantiza-
tion. 
ULTRASONIC  DATA  ANALYSIS 
During  the acquisition,  the gate  length  was  fixed  at 15.6 mi-
crosec  (256  time  samples)  to  allow digitization of the signal  from 
the  full  thickness of the  specimen. 
After the  acquisition,  in  order to  separate volume  backscat-
tering  from  water-tissue  interface  echoes,  the  operator isolated 
the  interfaces  on  each stored RF  trace by  means  of interactive soft-
ware  which  allowed  him  to exploit some  contextual  information. 
In fact,  the  traces were  presented on  a  graphic screen in fra-
mes  of 32,  corresponding with the  32 sites of a  row  (column)  of the 
32  X 32  array. 
- 52  -The  operator  could move  a  cursor  along each trace  and  command 
to store its position when  he  extimated to  have  identified  the  end 
of  the  echo  from  the  first water-tissue  interface.  The  initial 
position at which  the cursor was  displayed on  each trace  was  that 
which  had  been stored for  the  homologous  trace of the previous  fra-
me. 
The  spatial  oversampling  (0.625  mm  sampling step)  was  chosen 
not only because  we  wanted  to be  free of discarding redundant  infor-
mation  in  a  second  time,  but  also because  the  detection  of the 
water-tissue  interfaces  was  eased  by  a  moderately  high density of 
traces.  In fact,  the observation of the  neighbour  traces  could 
supply  more  hints to solve possible local uncertainty in some  trace. 
Fifteen time  samples  of  volume-backscattered signal correspon-
ding to  a  time  interval of 0.85 microsec  (0.64  mm),  were  so extrac-
ted from  each record.  The  obtained data  were  then  normalized for 
the different amplification gains used  for  the  different specimens. 
The  integrated backscatter 
IB  N  15,  ai = amplitude  level of 
the i-th sample. 
was  then  calculated record  by  record and used as  the grey-level of 
the pixels in a  32  x  32  "image"  of each specimen. 
IMAGE  ANALYSIS  ALGORITHMS 
For  the  analysis of  the  images  we  used  both first-order  and 
second-order statistical algorithms. 
First-order statistical  analysis gives  overall  information on 
how  the  random  variable  'grey-level'  is  distributed  on  an  image, 
while  second-order  analysis  takes  into  account  even  the spatial 
dependences  between  couples  of  grey-levels  and  can supply  textural 
characterization. 
As  shown  in figure  1  and  in figure  2,  the  integrated-backscat-
ter images  appear  to be  without  any  textural  organization because 
of the  inhomogeneity of the  tissue.  That  does  not mean  that second 
order analysis  cannot yield useful  features  for  classification. 
From  the  first-order  grey-level  histogram  of each  image  we 
calculated the Mean,  the  Variance,  the  Skewness,  the  Kurtosis,  the 
Energy  and  the  Entropy  (see  Appendix  for  the definitions). 
- 53  -Fig.  1  Integrated backscatter ultrasuond  images  of two 
normal  aortas  (top left);  first order histogram 
(top right);  first order statistics  (bottom). 
Fig.  2  Integrated backscatter ultrasuond  images  of two 
atherosclerotic  aortas  (top left); first order 
histogram  (top  right);  first  order statistics 
(bottom}. 
- 54 -Table  I  - First order histogram features  for  normal  and  athero-
sclerotic human  aortic walls. 
I  Test  NORMAL  ATHEROSCLEROTIC 
I  Sample  A041  A046  A047  I  A035  A042  A048  A049  A051  A053  A045  A055  I 
1-------- ----------------l-----------------------------------------1 
I  I  I 
!MEAN  .066  .032  .037  I  .056  .080  .056  .080  .270  .180  .120  .100  I 
I  I  I 
1ST.  DEV.  .007  .012  .016  I  .040  .083  .047  .075  .250  .160  .036  .077  I 
I  I  I 
!KURTOSIS  10.1  8.6  8.4  I 15.8 23.0  7.3  7.0  2.9  5.4 11.2  4.0  I 
I  I  I 
!SKEWNESS  1.9  1.9  2.0  I  3.2  4.1  2.1  2.1  1.1  1.7  2.1  1.3  I 
I  I  I 
I  ENERGY 
I 
!ENTROPY 
I 
.19o  .120  .1oo  1  .012  .o92  .o65  .o45  .012  .o19  .o42  .o21  1 
I  I 
2.1  3.3  3.7  1  4.3  4.3  4.6  5.2  6.9  6.4  4.8  5.7  I 
I  I 
Table  II  - Second order  cooccurrence matrix features  for  normal 
and atherosclerotic  human  aortic walls. 
I  Test  NORMAL  ATHEROSCLEROTIC 
I  Sample!  A041  A046  A047  I  A035  A042  A048  A049  A051  A053  A045  A055  I 
1--------l----------------l-----------------------------------------l 
I  I  I  I 
IA.S.M.  I  .130  .056  .034  I  .024  .050  .017 0.10  .003  .007  .007  .012  I 
I  I  I  I 
!CONTRAST!  2  5.6  8  I  42  160  64  120  260  130  48  37  I 
I  I  I  I 
ICORREL.  I  .06  .12  .22  I  .11  .27  .23  .28  .52  .33  .20  .26  I 
I  I  I  I 
!ENTROPY  I  3.5  4.9  5.6  I  6.4  6.3  7.2  7.7  9.2  8.3  7.7  7.4  I 
I  I  I  I 
- 55  -From  each  image  we  also calculated a  cooccurrence matrix,  which 
is a  second-order grey-level  histogram  of the  pixel pairs situated 
at  a  fixed  oriented  distance.  In  our  case  the  distance  was  d=6 
pixels(~ half beamwidth)  along  four  directions  (0°,45°,90°,135°). 
The  angular  second moment  (ASM),  the contrast,  the correlation and 
the  entropy  were  then  computed  and  averaged  on  the  four  directions 
(see  Appendix) . 
PATHOLOGICAL  EXAMINATION 
After  ultrasonic  measurements  each aortic region was  studied 
histologically with Weigert-Van  Gieson stain. 
According to generally accepted  criteria,  a  normal  and  four 
pathologic subsets  were  identified:  normal  aortic walls,  fatty pla-
ques  (characterized by  the  accumulation of  lipids),  fibrofatty pla-
ques  (characterized  by  a  fibrous  cap  and  a  lipid core),  fibrous 
plaques  (i.e.  walls  thickened  by  connective  tissue)  and calcified 
plaques  (walls  in which  the  atheromata were  calcified). 
In the present study  we  aimed  only at the classification in the 
main  two  classes:  "normal"  and  "atherosclerotic". 
RESULTS 
Table  I  reports  the  values of the first  order histogram featu-
res  evaluated  from  11  specimens,  8  of which  were  classified as 
"atherosclerotic"  and  the  other 3  as  "normal".  In figs.  1  and  2  four 
examples  are  shown  of  the grey-level distribuition of the  sample 
A046,  A047,  A051,  A053. 
From  the  obtained results we  can  observe that  the  two  features 
Kurtosis  and  Skewness  show,  for  this data set,  a  large overlap  and 
seem  of no  help  as  discriminating  parameters.  The  values  of the 
three  features  Standard  Deviation,  Energy  and Entropy group  the 
specimens  in  two  well  separated ranges  and  therefore  can be  suitable 
for classification  purpose.  The  feature  Mean  shows  a  weak  separa-
tion:  one  of the  normal  samples  (A041)  overlaps  with  some  abnormal 
ones  (A035,  A048). 
Table  II shows  the results of the  second order analysis  for  the 
same  experiments.  Even  in this case  we  can  extract  two  features, 
Contrast and Entropy,  showing  a  very neat separation between  the  two 
classes,  while  a  weaker  discrimination is given by  ASM  and  Correla-
tion. 
- 56  -DISCUSSION 
In  the  present study  we  found  that the atherosclerotic regions 
exhibit altered local grey-level patterns,  measurable  by statistical 
analysis applied  to  an  image  generated  from  integrated RF  backscat-
ter.  A distinction between  normal  and  pathologic  regions  can be 
accomplished by  selecting suitable features  extracted  from  the first 
and  second order histograms. 
These  findings  suggest that  quantitative statistical calcula-
tion may  be  a  useful  approach  to atherosclerosis tissue characte-
rization.  A numerical  approach of  the first  as  well  as  the  second 
order  statistics  (the  latter  typical  of texture analysys)  is not 
original,  since both qualitative and  quantitative  statistical image 
analysis  has  been usefully  applied to many  pathological situations 
[2,  3,  131.  The  application of this approach to atherosclerosis  had 
not  yet  been  performed,  however it seemed reasonable because  the 
biological basis  for  an  increased heterogeneity  is present  in the 
atherosclerotic process,  where  "the only constant feature,  from  the 
pathologist point of view,  is  variability".  Moreover,  from  the 
clinical viewpoint,  the  difference  in  local  two-dimensional  echo 
density of the wall  is an  accepted criterion  for  the  detection of 
left main  coronary disease  [10] . 
Our  approach  minimizes  the  possible  artifactual  sources  of 
variations occurring in vitro.  Obviously,  this  encourages  to eva-
luate  these  same  parameters  in  vivo,  ideally on  a  digital  image 
generated  from  the  radiofrequency signal with  a  quantitative grey-
level representation. 
In conclusion,  second order statistic features  provide  further 
useful  information suitable to be  integrated with first  order algo-
rithms  to  the goal  of differenciating normal  versus atherosclerotic 
specimens  in vitro. 
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- 58  -APPENDIX 
Definition of the first order features: 
Ng-1 
- Mean  g  L  g.  P(g) 
g=O 
Ng-1 
~ 
2 
(g  - g  ) .P(g)  - Stand.  dev.  a 
Ng-1 
-3 
~ 
3 
a  (g  - g  ) .P(g)  - Skewness 
Ng-1 
-4 
~ 
4 
a  (g  - g  ).P(g)  - Kurtosis 
Ng-1 
~ 
2 
g=O 
P(g)  - Energy 
N  -1 
~  log  [P(g))  .P(g) 
g=O  2 
- Entropy 
where  P(g)  = N(g)/Nt is the ratio between the  number  N(g)  of pixels 
with grey-level  g  and  the total  number  Nt of pixels. 
Ng  is the  number  of grey-levels. 
Definition of the second order features: 
Any  element  in the  cooccurence matrix is defined as 
P(d,a. ,i,j)  N(d,a.,i,j)/Nt(d,a.) 
- 59  -where  N(d,  a  ,i,j)  is the  number  of pixel pairs at distance  d  along 
the direction a  ,  one  with  grey-level  i  and  the  other  with grey 
level  j.  Nt(d,  a  )  is the  total number  of pixel pairs at distance  d 
along a  . 
- A.S.M. 
- Contrast 
- Correlation 
- Entropy 
Nq-1 
)  )  __  P(d,a,i,j)2 
a  i,  j=O 
Nq-1 
:2  ~  :>  k2.P(d, a,i,j) 
a  k  i,j=O  li-jl=k 
N -1 
[  L t  i.j.P(d,  <>  ,i,j) 
a  1, J=O 
Nq-1 
~  :2  log2[P(d,a,i,j)j.P(d,a,i,j) 
a  i,  j=O 
Nq  is  the  number  of quantization levels used  to calculate the 
cooccurence matrix  (Sthe number  of grey-levels  Ng  in the  image). 
0  0 
Nq  =  32,  Ng  =  256;  a  =  0  ,  45  ,  For  the reported 
90°,135°. 
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Abstract 
Present day usage of ultrasound sector a-scanning as an aid to 
the diagnosis of diffuse hepatic disorders  is generally  limited to 
predicting the existence of abnormality and subjectively commenting  upon 
the  texture  and  attenuating  properties  of  the  tissue.  To  date  a 
definitive classification of disease is unavailable. 
In an attempt to quantitatively evaluate the textural information 
contained in such images we  have devised a method whereby a number of 
statistical parameters have been  computed  from  a  data set of 40  patients 
with biopsy proven liver disorders.  The  subsequent use of multi-variate 
and  discriminant  analysis  indicates  an  89  per  cent  success  when 
classifying  four  diffuse hepatic  conditions with  a  combination  of eight 
texture parameters. 
Key  words: 
Introduction 
TEXTURE;  B-scan;  liver; diffuse disease; 
Discrimdnant Analysis. 
To  date,  the major  diagnostic  use of the parenchymal  echoes 
present  in  sector  B-scan  images  of  the  soft  tissues  is  for  the 
characterization  of  space  occupying  lesions  on  the  basis  of a  contrast 
difference  between  adjacent  normal  and  abnormal  regions.  However,  an 
increasing  interest  is  being  shown  in  the  spatial  distribution of  such 
echoes.  Although  useful  information  is being  obtained,  it is derived 
primarily from  a  subjective and  non-quantitative evaluation of the images. 
In  a  preliminary  report  (1)  we  outlined  an  approach  to 
retrospective  quantitative  analysis  of  the  texture  displayed  in 
conventional  sector B-scan  images.  Whilst  other  workers  have  reported 
work  on  similar lines (2),  to our  knowledge,  no  one  has attempted texture 
analysis  on  the  image  presented  to  the  clinician  for  visual  appraisal. 
In  this  paper  we  will  report  on  our  success  in  developing  a 
classification for the in-vivo appraisal of diffuse hepatic disorders. 
The  abundance  and  complexity  of  data  present  in a  conventional 
ultrasound tomogram convinced us of the need to use machine/operator 
interplay to both limit the data collected and pre-select regions of 
clinical interest.  Where  homogeneous  disease conditions are encountered 
(such  as diffuse  liver disease)  one  then assumes  that selected portions 
of  the  image  are  representative of  the  general  condition.  Details  of 
our equipment and techniques have been reported elsewhere (3),  and it 
will suffice to stress that we  limit data collection to a  3 x  3 em  region 
- 61  -of tissue digitised to 64  x  64  pixel resolution with 6 bits of accuracy. 
A njoy  stick" control  enables  the operator  to position the  region  to be 
digitised on the ultrasound image  (see Figure 1).  During the period of 
these investigations the same  apparatus was  used  and  every effort made  to 
ensure that the quality of image  was  maintained for all data. 
Methods 
Figure 1.  Conventional  longitudinal sector 8-scan 
through the right lobe of liver:  the vertical lines 
indicate the region selected for digitisation. 
Liver scans were  obtained with the subjects  (40)  lying supine and 
holding a diaphragmatic breath.  The majority of scans were longitu-
dinal  subcostal  scans  with  the  transducer being  tucked  under  the costal 
margin  and  swept  inferiorly.  Transverse  scans  in  the sub-xiphisternal 
space were  also performed  for lateral right lobe examination.  Although 
many  tomographic slices were produced,  images which included obvious 
artefacts were  excluded  from  computer  analysis.  Random  regions within 
the liver parenchyma  were  digitised and  transferred  to the computer.  A 
restriction was  that  the  regions selected should be within 45  to 120  mm 
distance of the transducer/skin interface.  This effectively eliminated 
the unwanted  transducer effects associated with either the near field or 
the beam spreading at distance.  A final set of 208  images, from four 
categories  of  biopsy  proven  diffuse  hepatic  disorder  (cirrhosis, 
hepatitis,  pure fatty and  a  combination of hepatitis and  cirrhosis),  were 
input  into our  study. 
Results 
When  attempting  to analyse  the  texture or  pattern of the echoes 
it is necessary to first quantify the region using a  variety of features. 
We  used  a  total of 24  features which  have  been discussed  in detail 
elsewhere  (3)  and will not be  repeated herein.  These features were 
calculated  for  each  digitised  region,  averaged  to yield a  single value 
for each patient  (on  average  ten  regions were  digitised for  each patient 
examination)  and  analysed  under  the  discriminant  analysis  package 
. 62  -(SPSS  - Statistical Package for the Social Sciences) available on CDC 
7600  machines at the University of London  Computer  Centre.  This package 
{4)  attenpts discrimination by forming  one or more  linear combinations of 
the  discriminating  variables  through  a  multi-variate  analysis  of 
variance.  The analysis chosen for the data reported here proceeded 
through  a  stepwise  selection  of  the  'best'  set  of  discriminating 
variables using a  miniimlill Wilks'  lambda criterion.  Following selection 
of the 'optimal' discriminant functions or scores  (see Figure 2),  the 
data were then classified into one of the four categories: cirrhotic, 
hepatitic,  fatty or a  combined  hepatitic and  cirrhotic,  taking account of 
the number  of data in each group when  computing prior probabilities. 
The analysis was performed several times,  each time restricting the 
number  of features available for discrimination.  This restriction is 
extremely important as one must be careful not to have a  large number  of 
variables  {L)  contributing to the discrimination compared with the number 
of data within a group (N).  Although it is recognised that the greater 
the ratio of N/L  the 100re  stable the results, a  reasonable guide for this 
probability exercise is to ensure that the ratio of sample to feature 
size is greater  than three. 
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Figure 2.  Two-dimensional scatter map  of the discriminant 
scores for  40  diffuse hepatic disorders. 
C = cirrhosis;  H = hepatitis;  F = fatty;  B = combination  of 
hepatitis and cirrhosis. 
In Figure  3  (a)  the average classification success rate is shown 
as a  function of the number  of discriminating variables used.  Under  the 
assumption of a  multi-variate normal distribution, the classification 
scores  can  be  converted  into probabilities of  group  membership.  This 
latter  function also depicted  in Figure  3  (a)  yields a  better 
interpretation of the ability to discriminate accurately between the 
groups as it accepts that the groups may not be completely separated. 
- 63-Based  upon  these results it is shown  that for  three  features  an  overall 
classification success of 77  per cent is achieved.  However,  as stressed 
above  this only relates to a  52  per cent probability of success. 
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Figure 3.  Computer  classification success rates as a 
function of the number  of features used. 
(a)  Average data set,  actual classification success, 
probability of success. 
(b)  Individual  images,  actual classification success, 
probability of success. 
In order to overcome  the problems associated with the small sizes 
of data sets we  have analysed  the full set of  images  independently,  i.e. 
208  images  in total  (an average sample size  (N)  of 50).  Figure 3  (b) 
depicts  the results obtained when  performing  an analysis procedure 
sUnilar  to that above.  As  expected  the overall probability of success 
is reduced as there is a greater variance in the data associated with 
individual  scans.  However,  we  can  now  justify using a  larger number  of 
features  for  discrimination as our data set is larger.  Furthermore,  if 
we  now  classify an  individual  patient based  upon  the classification of 
his/ner separate  images  we  derive a  classification success  rate similar 
to  the analysis performed  upon  the averaged data set (Table  I). 
Discussion 
The  results presented in this paper require careful consideration 
and  interpretation.  The  use of a multi-variate discriminant analysis 
can lead to erroneous results if care is not taken in its application. 
One  important assumption under lying the method is that the data can be 
classified into the groups specified and do  not belong to some  other 
grouping.  This may  not be totally true for our data as the spread of 
values  for  a  feature do  not follow a  Gaussian distribution for each data 
set.  An  alternative grouping of data may  need to be made  and it is 
suggested  that  the  fat  and  fibrosis  content of  the  tissue may  determine 
the true classification as depicted by  ultrasound. 
- 64  -Table I. Classification of single images  as a  function 
of the number  of discriminating features used. 
Number 
of 
features 
1 
2 
3 
4 
5 
6 
7 
8 
References: 
OVerall 
success 
208  scans 
44 
53 
55 
64 
70 
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73 
75 
Probability 
of  success 
208  scans 
35 
44 
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50 
60 
65 
66 
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success 
40  patients 
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70 
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80 
80 
87 
89 
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ABSTRACT 
Two  techniques  have  been  proposed for the evaluation of the  response  of 
an  ultrasonic  imaging  system.  One  technique  measures  the  system  1 s  line 
spread  function  (1. s .f.)  as  response  of  the  system  to  a  thin  target  wire 
placed  in  the  focus  of  the  transducer;  a  second  homomorphic  technique  is 
based  on  the  impulse  response  estimation,  starting  from  the  same  image  to 
be  restored.  The  two  system  1 s  responses  have  been  used  to  implement  two 
filters  for  image  restoration.  The  filtering  results  suggest:  images  of 
simple  targets  can  be  well  restored  by  using  the  measured  l.s.f.;  image 
restoration of tissues  based  on  homomorphic  technique appears  promising and 
it has  potential for in vivo applications. 
- 67  -INTRODUCTION 
Ultrasonic  B-scan  imaging  systems  are  widely  used  in medicine  to detect 
tissue's  features.  However,  a  limitation  of  such  systems  is  the  poor 
resolution  ll-2] •  Among  the  causes  of  such  drawbacks  are  the  transducer  1 s 
geometry that influences  the lateral resolution and  the finite  bandwidth of 
the  system that  reduces  the axial resolution.  In  principle,  by  knowing  the 
response  of  the  imaging  system,  an  inverse  filter  can  be  implemented  for 
resolution improvement.  However,  in real  applications  a  number  of  problems 
arise.  In  fact,  the  actual  electromechanical  properties  of  the  transducer 
are  difficult  to  know  accurately;  furthermore,  the  imaging  system's 
response  is  randomly distorted due  to  the  propagation medium. 
In  this  report,  the  system's  response  is  evaluated  through  two 
techniques.  One  technique is based  on  the  measurement  of  a  thin target wire 
response  [1],  so  the  electromechanical  properties  of  the  transducer  are 
experimentally  evaluated.  Such  technique  is  not  suitable  for  in  vivo 
applications.  An  homomorphic  technique  [3]  is also  proposed  for  the  impulse 
response  estimation  that  starts  from  the  same  image  to  be  restored.  Such 
technique  allows  to  determine  the  effects  on  the  image  of  the  random 
distortions  due  to  the  interposed  tissue.  Therefore,  it has  potential  for 
in vivo applications. 
The  results  of  the  two  techniques  have  been  used  to  implement  two 
filters for  image  restoration of test  objects  and  tissue  specimens. 
MATHEMATICAL  BACKGROUND 
In  order  to  establish  the  potentialities  of  the  restoration  technique 
for  improving  the  resolution  in  ultrasonic  systems,  two  different  filters 
have  been  tested. 
- 68  -One  filter  was  implemented  with  the  measured  l.s.f.,  according  to  the 
following  relationship  [3]: 
F (u,v) 
p 
•  H(u,v) 
2 
IH<u,v)l  +  0 
( 1) 
where  F  (u,v)  is the  expression of the  pseudo  inverse filter;  H(u,v)  is the 
p 
2D-FFT  of  the ).s.f.; ris a  constant  experimentally determined. 
[3]: 
Furthermore,  an homomorphic  filter  FH(u,v)  was  implemented,  as  follows 
F (u,v)  _ 
H  (2) 
where  Pf  and  Pg  are  respectively the  power  spectra  of  the  actual  image  and 
the  image  degraded  by  the  measurement  system.  A  source  of  difficulty  in 
solving  eq.(2)  is  the  presence  of  noise  (such  as  quantization  noise). 
Because  of this,  the  evaluation of  FH(u,  v)  was  accomplished  by  defining  a 
truncated  form  of  Pg(u,  v)  in order  to  exclude  low  amplitudes. 
Assuming  the  tissue  modelled  as  a  generalized  Poisson  process  [1],  Pf 
can  be  assumed  constant.  As  far  as  P  ,  it was  estimated  from  the  degraded 
g 
image  as  average  of  n  2D-FFT,  n  being  the  number  of  overlapped  blocks  in 
which  the  image  has  been divided.  Such  technique  assumes  the  power  spectra 
equality of  the actual and  the  estimated  images. 
The  filter  in  (2)  is  obviously  a  zero-phase  filter.  A  compensation 
procedure  would  be  required  to account  for  the  phase  term  due  to  different 
ultrasonic paths  from  the  transducer to  the  observation  point.  However,  in 
this implementation the  phase  compensation was  not  carried out. 
0  69  ° (a)  (b) 
(c)  (d) 
Fig.  1.  Images  of  human  hairs  before  (a)  and  after  filtering  (  in  b  is 
lower  than  in  c),  by  pseudo  inverse  technique;  in  d  the  1.  s. f. 
used  for filter implementation is shown. 
Fig.  2.  Pig myocardial wall  before  (a)  and 
after filtering  (b:  pseudo  inverse 
filtering;  c,  d:  homomorphic  filter-
ing,  Pg  bandwidth  in c  is lower  than 
in a). 
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(d) APPLICATION  OF  THE  RESTORATION  TECHNIQUES 
A circular focused  transducer  (Aerotech,  model  gamma,  2.25  MHz,  8  em  of 
focal  distance)  was  mechanically  moved  over  the  target  object  at  steps  of 
0.5 mm.  The  movement  accuracy was  better than  1~m.  Broadband  signals  were 
generated  by  a  pulser-receiver  apparatus  (KB-Aerotech,  model  UTA-4).  Data 
acquisition  was  performed  by  a  transient  recorder  (Le  Croy,  model  8013, 
sampling  frequency  100  MHz,  8  bits  of  amplitude  resolution,  buffer  length 
32  kbytes).  Sampling  was  performed  at  12.5  MHz.  Data  from  the  transient 
recorder  are  transferred  to  a  minicomputer  (HP-1000)  under  control  of  a 
personal  computer  (IBM  PC-AT).  A  set  of  measurements  was  performed  to 
digitize:  the  system  1 s  l.  s. f.;  a  model  of  thirteen  random  human  hairs, 
40~m in diameter and  a  pig myocardial wall. 
Data  analysis  was  performed  by  using eqs.(1),  (2).  Our  previous  studies 
[4]  have  shown  that in a  region  z  around  the  focal  point  zf,  such as  z/zf 
~25%, the  impulse  response  can  be  assumed  position invariant.  This  allows 
to  perform  the  image  restoration by  dividing  the  image  in  bands  over  which 
D.F.T.  methods  can  be  employed.  In  this  work,  each  restoration filter  was 
implemented  over  a  2  em  region. 
After  processing,  echoes  underwent  Hilbert  filtering  transformation  to 
obtain  the  corresponding  analytical  signal  and,  after,  the  module  of  the 
processed  signal. 
The  human  hairs  images  are  reported  before  filtering  (Fig.  la)  and 
after filtering  (Fig.  1b,c)  by  pseudo  inverse  technique;  in figure  1  d  the 
experimental l.s.f.  employed  for  filter  implementation  is  also  shown.  The 
resolution improvement  is quite  evident. 
Also,  an  application  of  the  homomorphic  technique  was  considered. 
Figure 2  shows  the  image  restoration  of  a  pig  myocardial  wall:  in a,  b,  c 
and  d  are  respectively  reported  the  original  image,  the  pseudo  inverse 
filtered  image  and  the  homomorphic  filtered  images  with  two  different 
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preliminary.  However,  from  the  comparison  of  the  images  filtered  with  the 
two  techniques,  the  homomorphic  filter  introduces  a  lower  noise  and  a 
better image  definition.  Further studies  on  tissue  models  are  necessary  to 
evaluate  the real resolution improvement  of  the filter. 
CONCLUSIONS 
We  have  shown  a  resolution  improvement  when  the  pseudo  inverse  filter 
is  used  in  image  restoration  of  simple  objects  as  the  human  hairs  model. 
That  means  the  measured l.s.f. well  reproduces  the degradation process. 
However,  with  such  technique,  the  in  vivo  system's  response  evaluation is 
impossible. 
The  homomorphic  technique,  albeit based  on  preliminary results,  appears 
a  promising  technique  for  in  vivo  applications.  However,  a  deeper 
investigation occurs. 
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A digital system for acquisition  and  processing  of  ultrasound 
signals  in  echographic  apparatus  is presented.  The  system is 
based  on  a  high capacity and velocity  buffer  memory,  a  signal 
processing  card  and  an intelligent controller.  The  aim of  the 
work is to  process  directly R.F.  data  to  enhance  the  ultrasound 
system and  to better characterize  the  human  tissues.  One  applica-
tion in medical  researches is presented. 
Key  words: 
front-end  equipment,  acquisition system,  signal processing, 
ultrasonic tissue,  ophthalmology. 
INTRODUCTION 
In these last years  ultrasonic  apparatus  improvement  for 
diagnostic  purposes  is essentially due  to  the better quality of 
the  images. 
New  digital imaging  systems  give  the possibility  to  imple-
ment  algorithms  to  reconstruct,  enhance  and  analyse ultrasonic 
images.  However  original  data  quality  limits  sophisticated 
numerical applications. 
Transducer,  with  the related electronics and  digital inter-
facing  system are  critical  items  for  any  digital  ultrasonic 
equipment:  signal to noise ratio,  bandwidth,  dynamic  range,  sam-
pling jitter compromise  the  use  of  some  image  processing  ap-
proaches  (3). 
Our  Laboratory  has  realized an  experimental digital system 
which is now  used in echographic  signal processing  to solve  some 
of  these  deficiencies,  yet its single blocks present interesting 
characteristics useful in many  other  applications. 
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N+l The  system will be  used  in different  medical  applications: 
one  of  these  concerns  the characterization of  the orbital tissue. 
DIGITAL  SYSTEM 
The  equipment  may  act  as  an high  frequency  (up  to  SO  MHz) 
acquisition system or as  a  signal synthesis  system under  the  con-
trol of  a  processing card. 
The  system meets  two  important  requests: 
1)  it has  to  be  portable  and  usable  both  as  a  stand  alone 
ultrasonic  equipment  and  as  a  slave  instrumentation of  tradi-
tional echographic  equipments; 
2)  it has  to  be  dynamically reconfigurable  under  the  control of  a 
Personal  Computer  through  standard interfaces. 
The  apparatus  can be  used  to  acquire video  images, 
from  traditional  echographic  instrumentation 
transducers with a  preshaped signal  (synthesizer 
R.F.  signals 
or  to  excite 
configuration). 
These  two  features  have  proved it to yield an  important  instru-
ment  in an ultrasonics  laboratory,  because  front-end  ultrasonic 
equipment  is completely controlled  (fig 1). 
The  system may  be  divided in three  functional blocks: 
1)  The  storage  block  includes  a  memory  card,with  a  maximum 
frequency  clock of  SO  MHz  and  a  storage  capacity  of  S12 
Kbytes. 
2)  The  input-output  block  is formed  by  an high speed A/D  and  a 
D/A  converter  (SO  MHz,  8  bits),  a  programmable  burst generator 
and  a  wide  band  analog block,  comprehensive  of  the ultrasonic 
transducer  transmitting and  receiving functions.  A lower  speed 
section  controls  information exchanging with a  Personal  Com-
puter  through  standard input-output  (RS232,  IEEE488). 
3)  The  high speed processing  card is based  on  a  signal processing 
chip  (TMS320/10).  The  DSP  chip presents many  characteristics 
typical  to  general purpose  processors.  The  previous  charac-
teristics are necessary in this application since  the  card  is 
used  as  a  processing  unit  and  at  the  same  time  as  a  system 
controller  (1),  (2). 
MEMORY  CARD 
The  most  important  characteristics  of  this  card  are 
flexibility,  simplicity and velocity.  These  are  due  to its data 
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slave  to data  incoming  or data request. 
The  card is built up  by  standard  TTL  FAST  components  and 
presents  a  pipelined structure without  internal clock and  feed-
back for  optimizing  the  timings.  In fact  there is an  almost  total 
absence  of  combinatory logics  to avoid  delay  uncertainties  with 
consequent  different effects in the wide  working  frequency  range 
(DC  to  50  MHz). 
A compromise  between velocity and  cost has  led  to  the  choice 
of  CMOS  memory  chips  commercially  available  with  32  Kbytes 
capacity and  120  ns.  minimum  access  time.  The  card is composed  of 
eight memory  banks.  This  number  could  become  higher,  in fact it 
has  a  modular  structure,  pipeline organized,  driven by  only  one 
clock. 
For  analysing  the  storage  card it is important  to  resume  the 
steps leading  to  the  final realization. 
The  logical  simpler structure  (fig  2)  is the parallel con-
nection of memory  banks  (one  memory  chip,  one  register for  input 
data,  one  register for  output  data);  this is apparently a  simple 
organization,  however  the  clock of  each bank may  be  one  clock 
period  shifted  with  the  other:  a  complicated and  sensible logic 
control would  be  necessary. 
A great  simplification is obtained by  introducing a  digital 
delay  line,  being determined  by  the ratio between memory  access 
time  and  conversion  time.  So  all bank  timings  are  synchronous  and 
the  time  shifting of  the  previous version is substituted by  data 
shifting  through  pipeline  levels.  In  this  structure maximum 
shifting speed is given by  the  single  component  minimum  delay 
(fig 3). 
Finally an  improvement  is obtained by  the  scheme  of  figure  4 
where  all  data I/0 registers have  the  fundamental  clock and all 
the  memory  banks  and  I/O  bus buffers are  synchronous. 
So  the  memory  structure becomes  easily testable and  no  delay 
problem arises when  changing  the  clock frequency. 
INPUT-OUTPUT  BLOCK 
This  is a  very heterogeneous  block  characterized  by  dif-
ferent  speeds  and  different  technologies. 
Logically it can  be  divided  into  four  parts: 
1)  Sampling  and  conversion  card based  on  an A/D  high  speed  ECL 
converter  (TRW-TDC1025E1C)  with  50  MHz  sampling rate  and  about 
48  dB  dynamic  range  and,  a  D/A  conversion  section  with  the 
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same  sampling  rate and  dynamic  range,  useful  for  displaying 
different output  signals also when  the  system  is  used  as  a 
signal synthetizer. 
Analog  section  for  eventually  exciting  the  ultrasonic 
transducer  and  amplifying  echosignals.  Both  for  trasmitting 
and  for  receiving blocks  two  demands  have  been met:  they  have 
to  be  wide-band  systems  (about  up  to  20  MHz)  and  adaptable  to 
different  transducers. 
3)  Programmable  burst  generator  to  choose  the acquisition range 
gate.  After  the start strobe  acknowledgment  and  a  programmable 
delay,  a  programmable  number  of  pulses  (counter  block  in 
figure  5)  goes  to  the  A/D  converter,  a  pulse train whose 
length has  to  be  exactly the  programmed  one  in order  to  find 
the  exact  acquired signal portion in  the  storage  card.  Pulses 
have  to  possess  a  duty  cycle  suitable  to  the  A/D  converter, 
for  all  possible  clock frequencies  and  exactly the  same  both 
in the  beginning  and  in the  end  of  the burst.  Start strobe  can 
be  an  internal or external trigger.  In the  latter case it has 
to  be  acknowledged with maximum  precision to minimize  sampling 
jitter  (100  MHz  clock  period  given  by  an  high stability 
oscillator)  between  different  echoes  or,  it  has  to  be 
resynchronized  with  the  same  precision by  the  system clock: 
conditions necessary for  implementing  synthetic  aperture  and 
focusing  techniques.  The  answer  to  these  requests is given  by 
a  particular logic structure realized  with  traditional  FAST 
technology  components  (fig 5). 
4)  Lower  speed  section based  on  parallel and  serial standard con-
nections  for  Personal  Computer  communications. 
Information  can be  programs  for  system reconfiguration or data 
for  mass  storage acquisition. 
PROCESSING  AND  CONTROLLING  CARD 
The  processing  card  has  been  implemented  using  the  Texas  In-
struments  TMS  320/10 signal processor chip,  which appeared par-
ticularly interesting for its peculiar memory  structure,  in addi-
tion  to  its  computation  capabilities.  Unlike  other  signal 
processors,  the  TMS  320/10 allows  the mixing  of data and  instruc-
tions in the  same  memory  bank and  the addressing of memory  exter-
nal  to  the  chip.  As  a  matter  of  fact  either an  internal ROM,  or  a 
combination of  internal  ROM  and  external  RAM,  or  a  completely  ex-
ternal  RAM  can  be  used.  The  last choice is obviously  the most 
convenient  in experimental  systems  or when  a  low  production  of 
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Another  advantage  can  be  mentioned.  Dynamically  recon-
figurable  systems are  implementable  using  an  external  RAM  for 
data  and  program  storage.  Moreover  due  to  the possibility of 
mixing  data and  instructions in the  addressable  RAM,  the  chip is 
usable  also as  a  general microprocessor,  which  can  run  software 
to  control  the  processing  card  and  to  debug  the  programs 
themselves. 
The  block diagram of  the  implemented  card is shown  in fig  6, 
where  two  main characteristics of  the  chosen architecture  can be 
easily singled out.  The  first  is  the  existence  of  a  second 
microprogram  memory  (M2)  in parallel to  the  TMS  320/10  program 
memory  (M1),  whilst  the  second  is the  splitting of  the memory  in 
two  banks  of  4  kwords,  one  implemented with static RAM  chips  (M1, 
M2),  the  other with  EPROM  chips  (M1',  M2').  The  M2  memory  con-
tains all the  information which is necessary  to  control  the  cir-
cuitry  on  the  card  without  a  direct  intervention of  the  TMS 
320/10 chip. 
Using  the  microprogram bits in M2,  for  instance,  it is pos-
sible  to  control all the  input-output  system  (polling of  the 1/0 
channels)  and  to  synchronize  the  acquisition of  data,  without  any 
load  on  the  signal processing chip. 
It can be  observed  that  the  maximum  speed  in signal process-
ing applications  can  be  obtained  with  completely  sequential 
programs,  where  control and  branch  instructions are  reduced  to  a 
minimum.  That  means  that  long  programs  result  also  with  rela-
tively  simple  algorithms.  Therefore  a  separate microprogrammed 
control of  the  card and  the  use  of  the  chip  only  for  number 
crunching  operations  during  the  execution of  computation  inten-
sive algorithms  is very  convenient. 
The  complete  control of  the  TMS  320/10  chip  and  the monitor-
ing of its operation cycles  (e.g.  the  fetch cycle)  allows  also 
the  use  of  different  4-Kwords  memory  banks.  The  switching  from 
one  memory  bank  to  the  other is obtained  by  means  of  a  branch in-
struction with appropriate  microprogram bits. 
When  the  card is used  inside  the  general processing  system, 
the  bootstrap  and  a  debugger  program are present  in the  EPROM 
memory.  At  power-on,  the  system starts running  the bootstrap in 
EPROM  and  the application program is loaded  into  the  RAM  through 
the microprogram bus. 
When  the  card is used  as  stand-alone  processing  system,  the 
entire program is stored in  EPROM  and,  if necessary  can be  trans-
ferred  into  RAM  before its execution. 
Two  main applications have  been  developed  up  to  now:  an  en-
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a  spectrum analyser  for  echosignal  in  ultrasound  applications 
which is employed  in a  commercial machine. 
The  envelope  detector  consists of  two  transversal digital 
filters with  21  coefficients,  one  of  which is a  bandpass  filter 
and  the  other  is a  band-pass Hilbert  transformer with  the  same 
bandwith. 
The  outputs of  the  two  filters are  then  squared  and  summed 
to extract  the  envelope  with  a  final square-root evaluation.  The 
computing  time  for  each output  point  is 23.4 microseconds  and  117 
instructions are necessary. 
APPLICATIONS 
In  the  orbital  tissue  characterization,  radiofrequency 
analysis  adds  important  informations,  in fact  the  eye  diagnosis 
is supported not  only by  common  A-mode  analysis,  but also by  the 
spectral  one.  Spectral  analysis  is  used  for  attenuation and 
velocity dispersion measurement  and  power  spectrum  morphology 
(typical scalloping)  gives  informations  about  scatterer distribu-
tion and  dimensions. 
Our  studies  are  devoted  to  the  orbital  zone  and  are 
developed  in co-operation with  the  "Istituto  di  Scienze  Oftal-
mologiche  dell'Universita di Siena".  In  the  preliminary phase  of 
this work  some  different  pathologies  of  R.F.  echosignals  are 
acquired.  A  8  MHz  nominal  frequency  and  2.4 MHz  at  6  dB  band-
width  transducer was  used.  An  A-mode  7200  MA  Kretztechnik  as 
echograph  and  a  digital oscilloscope  PM  3310  Philips as  acquisi-
tion  system  was  the  available  strumentation  in  this  first 
approach.  Spectrum analysis  parameters  proposed  by  Lizzi et alii 
(4),  (5),  (6)  are  evaluated:  power  spectrum,  estimation based  on 
the  27  echosignal  power  spectrum  average  (smoothed  power 
spectrum)  and  its linear regression were  implemented. 
The  research  is  now  developed  following  two  different 
methodologies. 
The  first  one  is devoted  to verify the  significance of  the 
parameters  proposed  by  Lizzi et alii  • 
The  second  one,  instead of processing  the  smoothed  power 
spectrum  is  devoted  to  the  research of  the  relation between  the 
distribution of  the  scalloping in the  frequency  domain  and  the 
distribution of  the  scatterers in the  space  domain  (fig 7). 
This  relation  is  evident  in the  following  simple  example: 
two  nylon  (0=0.1  mm)  wires are  insonified by  a  3.5  MHz  ultrasonic 
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4  5  6  7  8  9  10  MHz trasducer  and  the figure  7  shows  the  connection between  spectrum 
periodic scalloping and mutual wires'  distance  (fig 8). 
Study  development  will be  now  supported by  an  instrumenta-
tion improvement: 
1)  Wide  band  transducer 
2)  Powerful  system above  described 
Therefore it is possible:  to  avoid  non-linear  processing 
showing  in traditional instrumentation,  to  improve  resolution by 
using synthetic aperture  and  focusing  techniques  or  by  exciting 
transducer with particular signals  and  to obtain available quasi-
real  time  results of many  preprocessing algorithms. 
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Chairman  U.  Raeth Introduction: 
IN  VIVO  ATTENUATION  MEASUREMENT 
METHODS  AND  CLINICAL  RELEVANCE 
Brian  S.  Garra,  Thomas  H.  Shawker, 
Michael  F.  Insana,  Robert  F.  Wagner 
Since  the earliest clinical  uses  of  ultrasonic imaging,  attenuation 
estimates  have  been  an  important  part  of  the  interpretation of ultrasound 
(US}  images.  For  focal  lesions, attenuation within  the lesion  is based  on 
the  presence  of "acoustic enhancement"  or  acoustic  shadowing"  in  which 
increased  or decreased  echoes  are seen  posterior to a  lesion  relative to 
the  adjacent  background.  This  is due  to the attenuation  in  the lesion 
being  different from  that of adjacent  tissues.  In  clinical  practice one 
tends  to think  of a  lesion  which  shows  enhancement  as  being  fluid  filled 
and  one  showing  shadowing  as  being  gaseous,  bony,  or a calculus.  Our 
inability to accurately quantify the degree  of shadowing  or  enhancement 
(i.e. the  attenuation)  makes  it nearly  impossible to accurately diagnose 
may  lesions  where  only  slight enhancement  or  shadowing  is present. 
For  example,  solid  lymphomatous  lesions may  often  show  acoustic 
enhancement  (Fig.  1)  due  to low  attenuation or refraction1,2 while 
myomas  may  give  either enhancement  or  shadowing  depending  on  the degree  of 
calcification present. 
Fig.  1  Strong  acoustic enhancement  posterior to 
a  lymphomatous  mass  in  the liver. 
For  entire organs  estimation of  attenuation is even  more  difficult 
depending  on  the  subjective  impression  that  higher  than  usual  gain  and  TGC 
settings must  be  used  to penetrate the organ.  An  example  of this is shown 
in  a patient with  fatty infiltration of the liver (Fig.  2}  where  difficulty 
penetrating  the  liver to see  the diaphram  was  noted.  Gosink  et.al.3 
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to  apply  for  diagnisis  in  61  patients with  various  types  of  diffuse liver 
disease.  Dewberry  studied 67  patients with  cirrhosis and  found 
attenuation effects on  the  B-scan  images,  but  concluded  that the 
observation  was  too  subjective to be  of  value.  In  addition  to  the 
subjective  nature  of  visual  interpretation, other factors  which  hamper  our 
ability to detect attenaution  changes  and  diffuse disease  in  general 
include  TGC  variation,  transducer  focusing  effects,  and  variable pre/post 
processing.  Out  of the  above  studies and  others  grew  an  interest in  doing 
quantitative ultrasonic tissue characterization.  Quantitative  analysis  has 
the  advantages  of  less operator dependence,  potential  to  detect smaller 
changes  in  acoustical  parameters  than  the  eye,  making  available to the 
observer  information  only  indirectly observable  on  the  image  (attenuation, 
speed  of  sound),  and  of bringing  out features  that are  not  perceived  by  the 
eye  such  as  the  mean  spacing  between  scatterers. 
Fig.  2  Weak  diaphragmatic  echos  suggesting  a highly 
attenuating liver in a patient with  Type  I 
Glycogen  Storage  Disease 
The  purpose  of this paper  is first to briefly review  the  methods  of 
attenuation measurement  in  vivo  with  their advantages  and  disadvantages. 
Next,  the  results  in  humans  obtained  by  these  methods  will  be  reviewed. 
Finally,  conclusions  regarding  the  role of  attenuation measurement  and  how 
it may  be  used  as  part of a multiparameter  tissue  charact~rization approach 
will  be  discussed. 
Methods  overview: 
Several  methods  of  attenuation measurement  have  been  developed  which 
involve  both  frequency  and  time  domain  signal  processing.  One  popular 
method  is the  Spectral  Difference- ~1ethod5 in  which  the  radio  frequency 
(RF)  sjgnals  from  various  depths  are  converted  to  power  spectra.  The  log 
spectra  from  two  depths  are  subtracted  from  each  other and  a line  (either 
straight or  power  law)  is fitted to  the  result.  Attenuation  in  soft tissue 
is commonly  modeled  using  a power  law  function  (alpha  = a x fN)  where 
alpha  is attenuation  in  dB/em,  a is the  frequency  dependent  coefficient in 
dB/cm/HHz,  and  U is the  power  law  dependency  (usually  between  0.9  and  1.4). 
- 88  -The  spectral  difference method  has  the advantage  of giving  both  S and  N. 
In  addition,  it does  not  assume  a specific shape  to  the  spectrum  of  the  US 
pulse  as  do  many  other methods.  Some  disadvantages  of  the  method  include 
sensitivity to the  beam  pattern of  the  transducer  and  rather variable 
results obtained  in  vivo  by  different workers  due  in  part to  noise  present 
in  the  calculated power  spectra.  A variation of the  spectral  difference 
method  is the method  of Lizzi6 where  spectra  from  different depths  are 
subtracted  from  the  spectrum  reflected from  a metal  plate and  a straight 
line fitted to each  result.  The  slopes  of the  linear fits are  plotted vs. 
depth  and  the  slope  of  this plot is the  attenuation  value  s.  A similar 
method  was  used  by  Wilson  et.al.7 except  that a different method  for 
correcting for  transducer focusing/diffraction effects was  used. 
Another  common  method  for  in  vivo  attenuation measurement  is the 
Spectral  Shift Method  where  the  US  pulse  is assumed  to  have  a Gaussian 
spectrum  and  the  tissue is assumed  to  have  a linear frequency  dependence  of 
attenuation  (N=1).  Under  these  conditions  the  bandwidth  of  the  pulse 
remains  constant but the  mean  or center frequency  shifts downward  as  the 
beam  traverses tissue.  If the center frequency  is plotted vs.  depth,  the 
slope  of that linear plot may  be  used  to calculate the  attenuation: 
slope/4BW=S  (1) 
BW  is the  variance  of the  US  beam  in  MHz  squared.  The  center frequency  may 
be  estimated  two  different ways.  One  may  measure  the  mean  frequency 
(centroid)  of power  spectra at different depths  or one  may  count  the  number 
of  zero  crossings  of  the  RF  at different depths.  This  method  has  been 
studied  by  several  workers8,9  and  was  incorporated  into  several 
prototype  commercial  sector scanners  for  in  vivo  measurements. 
Unfortunately,  initial  results in  clinical  trials showed  large variations 
(on  the order of  100%)  in  the measurements.10  Ophir  et.a1.11 then 
showed  that to  reduce  variation to acceptable  levels  using  zero  crossings, 
more  data  would  have  to be  collected and  averaged  than  would  be  feasable  in 
an  ordinary  clinical  setting.  This  problem  plus  problems  making  the  needed 
transducer focusing/diffraction corrections  have  damped  initial  optimism 
regarding  this method. 
Rather  than  measuring  spectral  shifts or analyzing  power  spectra,  a 
simpler  approach  is to measure  the  loss  in  amplitude  over  de~th at a single 
frequency.  The  earliest attempts  to measure  US  attenuation1Z were 
amplitude  based  methods.  Since  standard  US  scanners  measure  amplitudes  to 
generate  images,  amplitude  based  methods  are easier to  implement  than 
methods  based  on  spectral  parameters.  In  the  method  described  by 
Ophir13,  a  narrow  band  pulse  is used  which  allows  a simple  amplitude 
relationship to  be  used: 
A  =  A  e  - tJ 2df  and  log Ao  - log Ad  - R  ( 2) 
d  0  2df  - tJ 
Ad  is the amplitude  at depth  d,  and  Ao  is the  amplitude  at  the  initial 
depth.  Thus  taking  the  difference of  the  log  amplitudes  gives  the 
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frequency  shifts as  a function  of  depth.  By  averaging  many  amplitude 
differences within  a  region  of  interest (ROI),  the  random  variablity can  be 
made  very  low.  Transducer  focusing  effects are  eliminated  by  moving  the 
transducer closer to  the  patient when  data  from  deeper  tissues are  to  be 
collected,  allowing  data  collection at the  same  distance  from  the 
transducer  surface.  The  disadvantage  of  this is that it is too  cumbersome 
a  scanning  method  for  routine  use.  Since  attenuation is obtained  only  at a 
single  frequency,  one  cannot  obtain  the  power  dependence  of  attenuation  vs. 
frequency  and  one  must  assume  a value  (usually  N=1)  to obtain s. 
Recently  a  new  amplitude  based  method  has  been  described14  which 
uses  a broadband  beam.  The  transducer  is weakly  focussed  to  minimize  error 
due  to  focusing  effects.  The  attenuation is calculated based  on  the slope 
of  the  TGC  amplifier curve  after that curve  has  been  set to  give  constant 
echo  amplitude  vs.  depth  in  the ROI.  The  attenuation  in  dB/em  is then 
divided  by  the  average  frequency  in  the  ROI  (measured  from  zero  crossings) 
to  give  an  attenuation slope  in  dB/cm/MHz.  The  method  assumes  an 
approximately  gaussian  shaped  spectrum  for  the  US  pulse  and  a linear 
frequency  dependence  of  attenuation.  In  both  patients  and  phantoms  it gave 
lower  variability than  the  spectral  shift method. 
Finally,  our  own  amplitude  based  method  developed  in  1984-8515,16 
is also  a broadband  method  based  on  the  same  assumptions.  In  our  method 
root mean  square  (RMS)  amplitudes  are calculated at multiple  depths  within 
the  ROI.  TGC  and  transducer  focusing  effects are  corrected  for using 
calibration phantom  amplitudes  obtained at the  time  each  patient is 
scanned.  Backscatter  amplitudes  (relative to  the  phantom)  corrected  for 
attenuation are then  calculated using  different attenuation  (8)  values 
until  the  backscatter amplitudes  vs.  depth  remain  constant.  Attenuation 
values  obtained  by  this method  show  lower  variability than  do  those 
obtained  using  the  Spectral  Difference  method  in  phantoms,  in  patient 
groups,  and  over  time. 
IN  VIVO  RESULTS: 
Using  the  methods  outlined  above  in  vivo  attenuation measurements  have 
been  obtained  in  several  organs.  The  vast majority  of  the  measurements 
have  been  obtained  from  liver5,6,7,10,12,14,15,17-Z6  because  of  its 
accessibility to  the  US  transducer,  large  size,  homogeneous  texture,  and 
number  of  di·ffuse  diseases  which  may  affect it.  Attenuation  estimates  have 
also  been  made  in  focal  lesions  of  the  liver6,7  normal  spleen18 
muscle13,27,  pancreas18,  and  heart.28  The  results for  tissues 
other than  liver are  summarized  in  Table  1.  The  results are  too  limited to 
draw  any  conclusions  other than  that attenuation measurement  is possible 
and  that one  may  be  able  to  separate  normal  muscle  from  abnormal  using 
attenuation.  Further studies  in  other organs  are  needed  but  are  hampered 
by  the  small  regions  of  interest that must  be  used  in  organs  other than 
liver. 
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ORGAN  PATIENTS  ATTEN.(dB/cm/MHz)  METHOD 
---------------------------------------------------------
Nl.  Spleen  30  0.21±.07  Spect.  Diff. 
( N  =1  • 1  to 1 • 6) 
Nl.  Muscle  10  4. 71 ±  .44  dB/em  Narrow  band 
Amp.  (4.3MHz) 
It  II  13  0. 51±  • 15  Spect  •  Shift 
Muse.  Dyst.  24  0.65±  • 08  Spect.  Shift 
Carriers 
Pancreas  30  0.38 ±  .09  Spect.  Diff. 
(  N=1  • 1  to  1 • 3) 
For  the  human  liver,  enough  results have  accumulated  to  allow  some 
conclusions  to  be  drawn  both  about  methods  and  about  the  clinical  results. 
Values  reported  in  the  literature for  attenuation  in  normal  liver are 
summarized  in Table  2.  The  attenuation of  normal  liver has  generally  been 
reported  to  be  between  0.5  and  0.6dB/cm/MHz.  Some  of  the  very  early 
reports  gave  lower  values  with  higher  values  being  reported  in  1984.  The 
most  recent  reports  have  given  values  of  about  O.SdB/cm/MHz  and  more 
importantly  have  shown  less variability than  some  of  the earlier 
work.21  In  particular,  the  amplitude  based  methods  have  shown  less 
random  variation than  either the  spectral  shift or  spectral  difference 
methods.14,15 
Most  of  the  attenuation measurements  in  diseased  liver have  been  in 
diffuse  diseases  including  cirrhosis (alcoholic,primary  biliary, cardiac, 
and  that due  to  hepatitis and  hemochromatosis),  chronic  hepatitis,  fatty 
liver,  diffuse  tumor  infiltration, and  Gaucher's  disease.  In  most  cases 
the  diagnoses  was  confirmed  either by  liver function  tests or  by  biopsy. 
An  ultrasonic  method  of  detecting  and  grading  many  of  these  diseases  would 
be  extremely  helpful  as  both  the  initial  biopsy  for  diagnosis,  and  later 
biopsies  to  evaluate  disease  progression  could  then  be  avoided.  The 
attenuation  results for cirrhotics are  listed in  Table  3.  Early  results 
suggested  that cirrhotics had  elevated attenuation  values.  However,  later 
studies  of  both  alcoholic  and  non  alcoholic  cirrhosis14,15  did  not 
confirm  this.  These  studies  suggest  that elevated  attenuation  in 
cirrhotics is not  due  to  fibrosis  but  is instead  due  to  concomitant  fatty 
infiltration.  This  is unfortunate  since  fatty  infiltration is reversible 
and  of  no  real  prognositic  significance.  Clinicians  are  primarily 
interested in  the  amount  of  fibrosis  and  inflammation. 
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ATTEN.(dB/cm/MHz) 
AUTHOR  PATIENTS  mean  S.D  N  METHOD 
----------------------------------------------------------------
Kuc  (1980)  42  0.43 ± .07  Spect.  Diff. 
Jones  ( 1 981  )  30  0.47 ± .07  0.9-1.1  Spect.  Diff. 
Cooper  berg  10?  0. 68  ± .14  Zero Cross 
( 1984) 
Garra  (1984)  31  0.63 ± .13  Zero  Cross 
Kuc  (1984)  50  0.55  Spect.  Diff. 
Maklad  ( 1984)  39  0.52 ± .03  Amplitude 
Parker  (1984)  11  0.59 ± .21  .81-1.5 Spect.  Diff. 
(variant) 
Sommer  (1984)  3  0.71±.07  Spect.  Shift 
Wilson  ( 1984)  12  0. 53  ± • 1 0  Spect.  Diff. 
(variant) 
Fredfeldt  13  0. 72  ± • 1 4  Amplitude 
( 1985) 
King  ( 1985)  10  0. 79  ± • 09  Spect.  Diff. 
(variant) 
Taylor  (1986)  26  0. 52  ± .12  Amplitude 
26  0.50 ± .20  Spect.  Shift 
Garra  (1986)  18  0. 49  ± • 12  Amplitude 
18  0. 62  ± • 18  Spect.  Diff. 
Parker  (1986)  21  0.47 ±.08  Spect.  Diff. 
(variant) 
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NO.  ATTEN.(dB/cm/MHz) 
AUTHOR  TYPE  PTS  mean  ±S.D.  [range]  Nl.  RANGE 
----------------------------------------------------------------
CLINICAL 
Sommer  (I 84)  Hep.  7  0.93  [.85-.98]  .65-.77 
Wilson  (I 84)  ?  9  0.64  [.39-.87]  .38-.63 
Maklad  ( I 84)  Cardiac  4  0.66  .48-.55 
King  (I 85)  ETOH  8  1.07±.20  .79  ±.09 
HISTOLOGIC 
Maklad  ( I 84)  ETOH  5  0.83  [.72-.92]  .48-.55 
Fredfeldt(
1 85)  MTX  5  0. 72  ± • 12  .72  ±. 14 
Taylor  (I 86)  ETOH  23  0.57±.14  .52  ±. 12 
(without fat)  16  0.53 ± .11  .52  ±. 12 
Heme.  2  0. 43  ± • 11  .52  ±.12 
Garra  (
186)  Hep.  11  0.45  [.22-.57]  .29-.60 
Heme.  2  0.47  [.27-.68]  .29-.60 
Note:  The  range of values  for  attenuation is given  whenever 
available,  otherwise  the Std.  Deviation is given. 
Hep.=  Chronic  Hepatitis,  Cardiac  =  cardiac cirrhosis 
ETOH  =  cirrhosis due  to ethanol abuse 
MTX  =  methotrexate  therapy 
Hemo.  =  Hemochromatosis 
The  results of  two  studies  on  chronic  hepatitis are  shown  in  Table  4.  These 
studies  have  suggested  that lower  attenuation  is present  in  inflammed 
livers,  but  further  studies closely correlated with  histology  will  be 
necessary  to  determine  if this change  is enough  to  be  clinically useful. 
Table  4.  IN  VIVO  RESULTS  -- CHRONIC  HEPATITIS 
AUTHOR 
Maklad  ( 
184) 
NO. 
PTS 
13 
Garra  (
186)  29 
low  subgroup  24 
ATTEN.  (dB/cm/MHz) 
mean ± S • D.  [ range] 
.52  ± .04 
•  so  ± • 18 
• 42  ±.  09 
[.21-.90] 
[.  21-.55] 
Nl.  RANGE 
.48-.55 
.29-.60 
.29-.60 
Note:  The  low  subgroup represents  the  lower group of  the bi-
modal  chronic hepatitis group  (see  reference 16). 
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somewhat  variable attenuation values  for  fatty infiltrated livers but  two 
of the most  recent  studies  show  that fatty livers have  increased 
attenuation  and  that this  increase correlates witn the amount  of 
triglyceride present.  In  fatty livers, both  8
1and  N may  be  increased. 
There  is evidence  that  intrahepatic accumulations  of other lipids 
(sphingomyelin  in  Niemann-Pick)  may  increase attenuation as  well.l6 
Table  5.  IN  VIVO  RESULTS  -- FATTY  LIVER 
AUTHOR  CAUSE 
NO. 
PTS 
ATTEN  (dB/cm/MHz) 
mean± S.D.  [range]  Nl.  RANGE 
-----------------------------------------------------------------
Kuc  ('80)  ?  4  0.49 ± .09  [.41-.62]  .44  (one) 
Maklad  ( '84)  ?  5  0.49 ± .11  [.37-.66]  .48-.55 
Wilson  ('84)  ?  3  0.87  [.47-1.34]  .38-.63 
Fredfeldt  ( '85)  MTX  9  0. 91  ± .16  • 72 ± • 14 
Taylor  ('86)  MTX  7  0. 77 ± • 11  .52± .12 
Garra  ( '86)  GLY  6  0.85 ± .12  [.68-1.06]  .29-.60 
MTX  = methotrexate  therapy  GLY  = Glycogen  storage disease 
Table  6 lists results for various  other diseases  including  values 
obtained  from  focal  lesions  such  as  metastases.  Gaucher's  disease 
(glycolipid  accumulation  in the liver)  does  not  increase attenuation but 
does  increase echogenicity  somewhat.  The  primary  biliary cirrhosis 
patients  had  normal  attenuating livers, but  this disease is heterogeneous 
with  inflammation  predominating  early and  cirrhosis late.  More  cases  with 
histologic correlation will  be  needed  to determine  if significant 
attenuation changes  are truly present  at  some  stages.  The  study  of focal 
disease is tantalizing but  the  number  of patients studied  so  far is too 
small  to draw  meaningful  conclusions.  The  small  size of  focal  lesions is a 
major  obstacle to obtaining  accurate attenuation estimates. 
In  summary,  the  newer  methods  of attenuation estimation,  particularly 
the amplitude  based  methods,  have  given  less  random  variation making  it 
easier to separate normals  from  certain diseases.  Unfortunately,  in liver 
elevated  attenuation  appears  to be  primarily  related to fatty infiltration 
instead of to the more  important  changes  of inflammation  and  fibrosis. 
This  fact means  that attenuation alone  has  very  limited  usefulness  in  the 
characterization of diffuse liver disease.  For  other organs  and  for  focal 
disease,  the answers  are  not  yet in. 
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AUTHOR 
PRIMARY  BILIARY  CIRR. 
Maklad  ( I 84) 
Garra  (I 86) 
GAUCHER'S  DISEASE 
Garra  (I 86) 
LYMPHOMA 
Maklad  (I 84) 
Garra  (I 86) 
NIEMANN-PICK 
Garra  (I 86) 
COLON  METASTASIS 
King  (I 85) 
Wilson  (I 84) 
Wilson  (I 84) 
HEMANGIOMA 
King  (I 85) 
HEPATOMA 
King  (I 85) 
*  mucin  producing 
**  non  mucin  producing 
NO. 
PTS 
2 
4 
30 
4 
1 
4* 
2** 
ATTEN.  (dB/cm/MHz) 
mean± S.D.  [range] 
0.56  and  0.57 
0.50 ± .21  [.29-.86] 
0.49±.10  [.31-.69] 
0.39 
0.54 
0. 76  ± • 30  [.43-1.15] 
0.56 
0.35  [.30-.40) 
0.62,  0.82 
1.  25 
0.65 
Nl.  RANGE 
.48-.55 
.29-.60 
.29-.60 
.48-.55 
.29-.60 
.29-.60 
• 79±  .09 
.38-.63 
.38-.63 
.79 ±.  09 
.79 ±.09 
Other diffuse  and  focal  diseases  where  only  one  case  has  been 
reported are not listed.  These  include:  Wilson's disease, 
leukemia,  cholangiocarcinoma,  liver transplant,  sclerosing 
cholangitis,  breast carcinoma  (met),  ovarian carcinoma  (met). 
ATTENUATION  IN  MULTIPARAMETER  ANALYSIS: 
Although  attenuation  by  itself is of limited  usefulness,  we  believe 
that it has  an  important  role in multiparameter  analysis.  Several  groups 
have  recently tried various  multiparameter  approaches  to increase the 
sensitivity and  specificity of ultrasound  for disease 
detection.6,22,23,29,30  Our  approach31  currently uses  five 
different  parameters:B,  Arms-the  average  backscatter amplitude  from  the 
ROI,  r-the ratio of diffuse to specular backscatter intensity, the mean 
scatterer spacing  (d),  and  the variance  of the  specular backscatter 
intensity.  The  attenuation and  backscatter amplitude  are calculated as 
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autocorrelation  function  and  its Fourier transform  (the speckle  power 
spectrum)  using  methods  previously  reported.32  After  the five 
parameters  have  been  calculated  and  averaged  for  six regions  of interest 
per  patient, a discriminant  function  is used  to classify the  patients based 
on  the  five  parameters.  The  function  used  is a linear Bayes  classifier 
which  is a  rule intended  to minimize  the cost of a misclassification. 
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A prewhitening  matched  filter  (mf  is multiplied  by  the  5-D  measurement  (x) 
and  is compared  to a  point midway  between  the  two  groups  to  be  classified. 
A patient is classified into one  group  or  another depending  on  whether  the 
difference is less than  or greater than  a threshold  value  (i'). The 
threshold  value  is the ratio of diagnosis  prevalence  within  the  population 
multiplied  by  the ratio of the costs of misclassifying  a  patient  from  one 
group  into the other. 
Often  one  does  not  have  good  data  on  either the disease prevalence  or 
on  the cost of  a misdiagnosis.  Fortunately  one  can  compare  two  tests over 
the entire range  of threshold  values  using  receiver operating 
characteristic analysis  (ROC).  To  generate  an  ROC  curve  from  the 
discriminant  function,  i
1  is varied  and  the number  of cases  classified 
correctly and  incorrectly at each i' value  are  counted.  Then  the true 
positive fraction  is plotted against  the  false  positive fraction  for each 
t•  value  used.  The  area  under  the  ROC  curve  is often  used  as  an  index  of 
the overall  performance  of a diagnostic test.  Pure  guessing  gives  an  area 
of  0.5 while  a  perfect test gives  an  area  of  1.0. 
In  Figure  4,  ROC  curves  obtained  using  our  five  parameter  technique  for 
normals  vs.  chronic  hepatitis, normals  vs.  Gaucher's  disease  and  Gaucher's 
disease vs.  hepatitis are  shown  and  are  compared  to the  ROC  for the  PAP 
smear  (an  accepted,  reliable diagnositic test for cervical  carcinoma).  The 
five  parameter  method  works  quite well  as  can  be  seen  by  comparing  the 
areas  under  the  ROC  curves.  Human  observer  ROC  studies  recently conducted 
using  five experienced  sonographers  and  physicians31 yield  an  area 
under  the average  ROC  curve  of only  0.63  for  normal  vs. chronic  hepatitis. 
Thus  as  expected,  humans  looking  at B-scans  do  poorly  relative to the 
machine  and  do  little better than  guessing.  The  addition  of  attenuation to 
the  parameters  used  in  classification helps  most  for diseases  where  fatty 
infiltration is present.  In  Figure  5 the  ROC  curves  using  three and  five 
parameters  for detection of glycogen  storage disease are  shown.  A dramatic 
improvement  in  performance  (from  an  area  of  0.83  to an  area  of  1.00}  is 
seen  when  five parameters  are used. 
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Fig.  4  a)  ROC  curves  for machine  detection  and  classification 
using  5 parameters.  Curve  (a)  shows  performance  for  separating  normals  (18 
cases)  from  Gaucher's  patients  (42  cases).  Curve  (b)  is for  normals  vs 
chronic  hepatitis  (46  cases)  and  curve  (c)  shows  performance  for  separating 
Gaucher's  disease from  chronic 'hepatitis. 
b)  The  ROC  curve  for detection of cervical  carcinoma  using 
the  PAP  smear  (after J.W.  Bacus  et al  in 
11Mal ignant  Cell  Detection  and 
Cervical  Cancer  Screening"  Analytical  and  Quantitative Cytology  (6}  p.125, 
International  Academy  of Cytology,  1984). 
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Fig.  5  ROC  curves  for separation  of  (a)  normals  (30)  vs.  primary 
biliary cirrhosis patients  (13)  using  3 parameters  (d,r, variance  of specular 
intensity),  {b)  normals  (31)  vs.  Glycogen  Storage  disease  using  same  3 
parameters,  (c)  normals  {18)  vs.  7 Glycogen  Storage  Disease  patients using 
all  5 parameters  (10). 
- 97  -In  conclusion,  we  feel  that a multiparameter  approach  will  eventually 
be  the most  powerful  tool  for  ultrasonic detection, classification,  and 
grading  of diseases  both  in  the  liver and  in  other organs.  Attenuation 
measurement  will  continue  to be  an  important  part of future multparameter 
methods. 
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- 100  -ATTENUATION  AS  AN  ADDITIVE CLINICAL  INDICATOR 
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This  paper  deals  with  the  clinical  interest  of  the 
measurement of attenuation in  muscle.  The  precision of this estimation in 
vivo  becomes  an  important  parameter  and  will  be  compared  to  the 
theoretically  expected  variance.  The  results  allow  a  comparison  of ... the 
attenuation  of  a  population  of  nor mal  volunteers  with  a  population  of 
carriers  of  Duchenne  Muscular  Dystrophy.  From  the  clinical  standpoint, 
attenuation  when  estimated  simultaneously  with  serum  creatine-kinase 
level improves  largely  the  detection of  obligate  carriers. Some  particular 
cases  in  the women  investigated  allow  to  correlate  the  attenuation  with 
some muscular modifications. 
Key words:  Attenuation; carriers of Duchenne Muscular Dystrophy;  muscle; 
ultrasound 
I. INTRODUCTION 
Different methods have been developed up to now in order to 
estimate  the  frequency  dependence  of  attenuation,  expressed  in 
dB/cm.MHz.  The  different  publications  relative  to  in  vivo  measurements 
that can  be  found  in the  literature  since  1980  [  1  J do  not  allow  to  draw 
definitive  conclusions.  Most  of  the  measurements  have  actually  been 
performed on liver. The  choice of this organ is  mainly due to the fact  that 
accurate attenuation measurements can only be  done on quite large tissue 
samples.  This  constraint is  solved  in liver which  offer  a large  size  and  an 
homogeneous texture affected by diffuse diseases.  There appears to be an 
overlap  between  the  attenuation  distribution  of  the  normal  livers  and 
livers affected by  most of the diffuse  pathologies. On the other hand there 
appears to  be  a correlation between an increased attenuation  and  a fatty 
infiltration in the liver [ 2 ]. 
- 101  -Our  attention  in  the  clinical  domain  is  devoted  to  the 
measurement of  attenuation  in  muscle.  We  aim  at  the  detection  of  the 
carriers  of  DMD.  In  this  the  way,  we  would  like  to  point  out  how  the 
muscular  attenuation estimation  can  be  included  in  the actual  detection 
procedure  of those women and what is  the clinical interest. We  will then 
attempt to relate the attenuation to the muscular modifications. 
Before the presentation of the clinical results, we would like 
to give some considerations on the precision of  the estimator which is  an 
important factor in the comparison of two populations. 
II. IN VIVO VARIANCE OP THE  ATTENUATION  IN  MUSCLE 
1. Theoretical expression of the variance. 
The Echographic signal .s(t)  is  the coherent sum on the front 
face  of  the  probe  of  all  the  elementary  waves  scattered  by  the 
inhomogeneities located at a distance r from  the probe  such that 2r- ct, 
where  c  is  the  mean  speed  of  sound  in  the  medium.  These  random 
interferences are responsible for  the stochastic nature of the echographic 
signal. Their effect is quite visible on the scalloping of the running spectra 
calculated  with  a  short  time  Fourier  analysis  on  a  single  A  -line.  An 
averaging of the time-frequency representation is then necessary. 
Kuc  first  derived  the  statistical  properties  of  randomly 
distributed  scatterers  and  showed  that  the  standard  deviation  of  the 
additive  noise on the log-spectra denoted  by u r  is  5.6  dB  whatever the 
frequency  is  [3,4).  This  value,  predicted  by  theory  is  confirmed  by 
processing in vivo data on muscles [ 5.6 1  and allows to derive the bounds 
on  attenuation measurements. The  theoretical expression of  the variance 
can be given for  both of the algorithms we apply on the Time-Frequency 
representation  :  the  spectral  centroid  shift  [71  and  the  narrow-band 
Log-intensity decay [8,  17} 
When  the  tissue  is  modeled  as  a  homogeneous  medium  with randomly 
distributed  scatterrers,  both  algorithms  lead  to  the  same  standard 
deviation on the estimation of the attenuation coefficients for a 
- 102  -single A  -line  [6] : 
var(B) =  (1) 
where cis the mean speed of sound  in tissue. 6 is the slope 
of  attenuation coefficient in dB/em.  MHz.  and var(B) is the variance of this 
estimate on a tissue depth D (where L possible non overlapping windows 
can be located). with a usable frequency bandwidth of W.  In the centroid 
algorithm.  the  usable  bandwidth  W is  the  difference  between  the  two 
frequency limits used for the centroid calculation (Fig.  la). In the narrow 
band algorithm. the usable bandwidth W is -the difference between the two 
frequency limits of the regression fit of the attenuation coefficient (Fig.  lb). 
This  value  is  directely  related  to  the bandwidth (defined  at the - 6  dB 
level) of the probe. 
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fig.  1 Illustration of the usable  frequency bandwidth  W for attenuation estimation 
with  a  centroid  algorithm  (a)  and  a  narrow  band  algorithm  (b). 
- 103  -The  equation  1 implies  the  uniformity of  the  attenuating  and  scattering 
properties of  the tissue. The  bandwidth W and the tissue thickness D are 
very important parameters to be considered and optimized as they appear 
at the third power in the variance expression. 
2. Comparison of theoretical and in vivo variances in muscles. 
The  vastus  medialis  has  been chosen for  our investigations 
because it presents very few anatomical variations. Both thighs have been 
systematically explored. Our  experimental setting consists of a mechanical 
sector scan with a 5 MHz probe and a usable frequency bandwidth W of 3.5 
MHz.  On the transverse scan the mean available tissue depth is 3 em. With 
a sampling rate of 40 ns, we obtain rf A-lines digitized in 1024 points on 
which  4  non-overlapping  windows  of  256  points  could  be  located.  The 
theoretically  expected  standard  deviation  in  those  conditions  is  0.26 
dB/em. MHz on one A  -line. 
To  improve  the  statistical  significance  of  the  attenuation 
estimation  we  acquire  512  A-lines  for  each  patient  resulting  from  the 
investigation of  8  muscular frames  (where 32 A-lines  are digitized)  for 
each  leg.  The  theoretically  expected  standard  deviation  under  the 
hypothesis of the homogeneity of the tissue and no correlation between the 
lines becomes 0.26/512112  dB/em MHz, or  0.011  dB/cm.MHz. 
Under in vivo conditions. for  a given patient, the attenuation 
slope  is  estimated  on  each  muscular  frame.  The  averaged  muscular 
attenuation of this patient as well as the standard deviation are calculated 
from  the  16  attenuation values of  each frame.  The so-obtained standard 
deviation varies between the subjects from  0.03 to 0.05 dB/em MHz.  Even 
if  this  in vivo value corresponds to an  acceptable  accuracy of 8' on  the 
attenuation  estimation,  it  remains  elevated  with respect  to  theory.  This 
difference clearly reflects the correlation between the lines for which we 
can give two reasons. Firstly, one has to take  into account the finite cross 
section  of  the  ultrasonic  beam.  Secondly,  one  has  to  consider  the  role 
played by the specular reflectors within the tissue [  16). 
- 104  -III.COMPARISON  OF  THE  MEAN  ATTENUATION  OF  A  CONTROL 
GROUP  AND  A POPULATION OF GENETIC CARRIERS. 
This  study  has  been  performed  on  two  groups.  One  group 
comprised  27  control  women  without  any  muscular  dystrophy  in  their 
family  and  a normal level of  muscular  enzyms in  blood.  The  other group 
consisted  of  19 obligate carriers. The latter group was selected on familial 
criteria: they had  either one  DMD son (or  more) and one  DMD brother. or 
two or more DMD sons, or one DMD son with a DMD relative in their family. 
In fact,  much  more  carriers have  been  investigated.  We  do 
not  include  here the carriers detected  because of  their abnormal level of 
muscular  enzym  in  blood.  This  would  effectively  bias  the  comparison 
presented in the next paragraph. 
The  mean  attenuation  coefficients  as  well  as  the  standard 
deviations of the  distributions within the two groups have been estimated 
for  both algorithms (table  1).  We can conclude that there is a significant 
difference  of  the  mean  attenuation values between controls  and  carriers. 
The results are not affected by the kind of algorithms we use. 
CENTROID  NARROW BAND 
ALGORITHM  ALGORITHM 
(dB/em MHz)  (dB/em MHz) 
Control group (27)  0.556:!:. 0.07  0.539:!:. 0.06 
Carriers of DMD ( 1  9)  0.673:!:. 0.07  0.654:!:.  0.06 
Table 1 : Comparison of the mean attenuation coefficients and the standard deviations 
of a population of normal volunteers and a population of genetic carriers of DMD. 
Results are presented for two different algorithms  . 
•  105  • Finally, there is an overlap between the two distributions. We 
may  now  discuss,  even  with  this  overlap,  the  interest  imposed  the 
estimation  of  the  attenuation  coefficient  for  carriers  detection from  the 
clinical standpoint. 
IV.  CLINICAL  INTEREST  OF  ATTENUATION  ESTIMATION  FOR 
CARRIER DETECTION. 
l. State of the art for carrier detection. 
The  problem of Duchenne  muscular dystrophy (DMD)  carrier 
and  non  carriers  detection  is  only  partly solved  practically  . In view  of 
detecting  carriers  of  DMD,  and  discriminating  them  from  non-carriers, 
several  biochemical  and  biophysical  methods  have  been  developed.  The 
increase  of  serum  aldolase  and  thereafter  creatine-kinase were  the first 
significant  hematological  biochemical  symptoms  of  DMD.  Applying  these 
results to carriers allowed their recognition  [  9, 1  01 . 
Muscle  studies by  invasive  techniques like  biopsy,  allowing 
culture of fibroblasts, protein biosynthesis studies ,microscopy and electron 
micrography  gave  poor  results  in  this  respect.  Non-invasive  techniques, 
mainly  by  imaging  with echography  [  11,12]  and  computer  tomography 
[13)  are  not  yet  entirely  conclusive.  Recent  application  of  molecular 
genetic techniques  have resulted in  the localisation  of  the defect.  Within 
the  Human  X chromosone,  many  new  DNA  segments  are  now  used  for 
carrier detection and prenatal diagnosis of DMD. 
Given  the fact  that the improvement of  CK  estimation alone 
can  detect  almost  70  % of  the  obligate  carriers  [  15].  we  reasoned  that 
association of  CK  and  attenuation estimation could refine and  improve the 
recognition of obligate carriers. 
2.  Improvement of the detection with attenuation 
The  results are summarized  in  table  2.  In the control group 
we found  a serum Creatine-Kinase of 46.4  ± 13.5 U : values of C K greater 
than 80  U, were considered as abnormal. 
- 106  -Values of  the attenuation coefficient greater than 0.7  dB/em 
MHz  corresponding  to  the  upper  limit  of  the  95  per  cent  confidence 
interval. were considered as abnormal. We did not find false positive in the 
control group. 
We observed no correlation between age  and the attenuation 
of  ultrasound.  The  correlation  coefficients  between  age  and  attenuation 
were calculated for each group : controls (r - 0.33) and carriers (r - 0,013 ). 
Testing the null hypothesis r - 0 iti each case, we found that the observed 
values of r are not statistically significant at the 5 % significance  level and 
the null hypothesis is not rejected. 
Table  2 indicates the number of  women out of  19  obligate 
carriers who were detected by both methods. The percentage of high level 
CK  is  58  percent which  is  not significantly  different from  the expected 
percentage of 70 per cent [ l S]. The percentage of high attenuation values is 
47  per  cent  which  is  less  than  the  CK  percentage.  When  taking  into 
account  CK  and  attenuation the percentage of  detection  becomes  90  per 
cent  [  14).  which  seems  to  support the view that  the  two  abnormalities 
occur  independently of each other. 
Number of  Number of  PERCENTAGE 
women  women not  of 
detected  detected  DEfECTION 
CREATINE-KINASEMIA 
( Nl<80 U/D  11  8  58\ 
AmNUATION 
<Nl< 0.7 dB/em MHz)  9  10  47% 
AmNUATION 
and  CK  17  2  90  % 
Table 2 : Improvement of the detection of the carriers of DMD due  to combination  of 
attenuation estimation and  determination of the level of muscular enzyms in blood. 
- 107  -V.  INTERPRETATION  OF SOME PARTICULAR CASES. 
l. About-one case of volunteer. 
After processing the in vivo rf data acquired on the muscle of 
a volunteer, we found  an attenuation coefficient which was increased with 
respect to the normal range  (.Fig. 2  ). This woman could have been a false 
positive  of  attenuation.  But,  as  we  systematically  performed  a  CK 
determination  for  all  our  normals,  we  had  the  surprise  to  obtain  an 
abnormal  level  of  creatine-kinase  for  this  woman.  The  origin  of  this 
double abnormality  has not been explained  till now. 
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coefficients  within 
the  control  group  ( 
mean  value  and 
standard deviation  ). 
Increase attenuation 
for  a  volunteer 
where  an  abnormal 
value  of  serum 
creatine-kinase  was 
found. 
(Normal <  80 UI ll) 
Two  particular  symptomatic  carriers  have  been  explored. 
Both of them presented abnormal B- Scans. which \Vas not the case  for the 
other  carriers  investigated.  Both  of  them  also  presented  a very  marked 
increase of the attenuation coefficients measured on  the  vast us  medialis 
•  108  -I Fig.  3  L  Our  hypothesis was  then that the increase in attenuation could  be 
related  to  muscular  fatty  infiltration.  For  this  reason.  we  chose  Nuclear 
Magnetic  Resonance  as  an  atraumatic  way  to  reveal  fat  within  muscle 
tissue  because of the high contrast that can  be obtained by this  modality. 
The increase of attenuation of the vastus medialis could then be correlated 
to  the  presence  of fat  within  the  muscle.  One  of  the  corresponding  NMR 
image  is  presented  in  the- figure  4.  where  the  white  levels  are 
representing  the  fat  and  the  dark  levels  are  corresponding  to  normal 
muscular fibers. 
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This  paper  shows  that  estimation  of  the  attenuation 
coefficient in muscle  can  be  very interesting from  the  clinical standpoint. 
We  have especially investigated carriers of Duchenne  Muscular  Dystrophy 
because  their  detection  is  still  a relevant  clinical  problem.  The  mean 
attenuation values of a population of normal volunteers and of a population 
of  carriers of  D!\·fD  are  significantly different. Even if  there is  an overlap 
between  the  two  attenuation  distributions.  ultrasound  allows  to  increase 
the percentage of detection carriers  when combined to creatine-kinase 
- 109  -assessment.  Vi" e  could  correlate  in  some  cases  an  high  value  of  the 
attenuation coefficient with  a fatty infiltration of  the muscle,  proved with 
NMR  images  of  the  thigh.  In  conclusion :  attenuation, given  as  a global 
acoustic index of the muscle. can be related to pathological modifications. 
Fig. 4 NMR  image of the thighs of carrier Cl  presenting an increased attenuation of 
the vastus medialis  . Correlation with fatty infiltration. (light areas within 
muscles). 
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- 112  -IN-VIVO  ATrENUATION  FOR  SMALL  TISSUE  VOLUMES 
D.  Nicholas 
Norfolk  and Norwich  Hospital, U.K. 
Abstract 
A technique has been developed which enables an assessment of the 
average scatte§ed intensity from small volumes of soft human  tissues 
(typically  30nm  )  •  By  performing  such measurements  at different depths 
within tissue it is feasible to estimate the attenuation due  to the 
intervening tissue depth.  Measurements  have been derived for  the 
attenuation at three discrete  frequencies  in  the  range  2  to  3MHz. 
Results will be presented from  a pilot study of 54  patients exhibiting a 
variety of hepatic disorders. 
Key  words:  ATrENUATION; 
Scattering; 
In-vivo;  Diffraction; 
Liver;  Tum:mrs. 
Introduction 
Techniques  for  in-vivo  estimation  of  the  attenuation of 
ultrasound waves in soft human  tissues are currently based upon  the 
measurement of A-scan  information.  The  premise is that the rate of 
decrease of echo strength with distance  into the  tissue provides  a 
measure  of  the bulk  attenuating properties of the tissue.  However,  it 
must  be stressed that the echoes  returned to the scanning  transducer are 
a  consequence  of  scattering of the sound  wave  by  the tissue.  The 
conplexity of  such  scattered  waves  requires  that  an  average  scattering 
value be  assessed  for  the tissue being  investigated at a  specific depth. 
This cannot truly be achieved by  existing A-scan methods  which  require at 
least 3 em  length of echo train for averaging. 
Two  specific  requirements  for  improving  the  accuracy  of 
attenuation measurements  are: 
an  average of the scattering which  accounts for  its 
directionality  (interference effects)  and 
an assessment of the scatter from  small tissue volumes. 
The  latter requirement has clinical significance as it permits an assess-
ment  of attenuation over  distances  comparable  to  the  volume  being 
investigated at any  one  depth. 
Methods 
The  method  adopted  here  for  measuring  the  scattering from  small 
tissue volumes utilises prototype clinical equipment described by Huggins 
and Phelps (1).  The design of the scanning arm, depicted in figure 1, 
is based upon  a  pantograph which  restricts the transducer to m:>ve  in such 
a  way  that the region of interest is at an isocentre on the beam axis. 
Depth adjustment of the isocentre is achieved by movement of the top 
pivot.  This has  the advantage of mechanically fixing the depth of 
"scanning"  and  thereby providing an  acccurate measurement  of depth within 
- 113  -the tissue at which measurements  are being performed. 
The  relationship of diffraction phenomena  to structural arrange-
ment  of  tissue  is  normally  considered  to  be  associated with  continuous 
waves  (2). 
o =pivot 
skin  surface 
Figure 1.  Schematic diagram 
of scanning arm,  "pantograph". 
This is effected by frequency filtering the time-gated portion of the 
back-scattered  echo  train.  The  time-gate  used  in  the  experiments 
reported  was  of  10  us  duration  centred  on  the  isocentric  volume. 
Derivation  of  the  frequency  spectrum  of  a  gated  pulse  results, 
analytically, in a  convolution of the spectrum of the pulse with that of 
the time gate.  Hence any single component of the frequency spectrum 
will have an asssociated bandwidth of 100  kHz.  The gated signals are 
then frequency filtered to allow investigation of the scattering at a 
specific frequency.  The  filter  used  has  a  bandwidth  of approximately 
20  kHz  and  is tunable over  the  range  1  to  5  MHz.  A more  detailed 
description of  the  equipment  is provided  elsewhere  (3).  The  resulting 
signal  is  then  collected  as  the  transducer  describes  an  arc 
(approximately 28  degrees)  about the volume  of interest.  Repeat measure-
ments  at different frequencies  2,  2.5  and  3  MHz  were  performed.  Figure 2 
illustrates the  resulting "diffraction patterns"  associated with  a 
hepatoma.  By  averaging  the scattered signals over the arc of rotation a 
good estimate of the signal scattered from the interrogated volume is 
achieved.  Comparison with measurements  from  a  different depth and 
correcting  for  the characteristics of the beam  allows  an  estimate  to  be 
made  of the attenuation due to the intervening tissue at one discrete 
frequency. 
•  114  • Figure 2. 
Table I. 
Diffraction patterns obtained at 2.5  MHz  from within a 
primary liver carcinoma. 
In-vivo attenuation measurements performed at three discrete 
frequencies 2,  2.5,  3  MHz. 
Disease 
Ca.  Liver 
Liver metastases: 
Ca.  {solid) 
Ca.  (necrotic) 
Lynphorna 
Teratoma 
Number 
3 
7 
11 
4 
3 
Diffuse Liver Disorders: 
Cirrhosis  "micro"  7 
Cirrhosis "al"  4 
Hepatitis "viral"  4 
Hepatitis "al"  3 
- 115  -
Attenuation 
dB/cm/MHz 
0.27, 0.38,  0.41 
0.41- 0.73 
0.16 - 0.52 
0.49 - 0.39 
0.21,  0.22,  0.32 
0.42 - 0.48 
0.46 - 0.57 
0.32 - 0.39 
0.38, 0.40,  0.46 Results 
The  results of a  study conducted  upon  54  patients with a  variety 
of hepatic disorders are presented in Table I.  From  the measurements at 
three discrete  frequencies  a  sinple  1 inear  regression  was  performed  to 
enable an  est~te of atttenuation expressed in dB/cmVMHz  to be made. 
Conclusions 
In  stnmnary  the  technique  described  above  is primarily  analogue 
and thereby requires minimal computation facilities.  Only 256  data 
values are collected for each estimation of attenuation.  Depending  upon 
the inhomogeneity of the tissue to be measured and its size, any number 
of independent estimations can be made.  The  technique is capable of 
measuring attenuation over distances as short as 5 mm,  the main error 
then being  the accuracy of depth measurement.  At  present only discrete 
frequency  information is available and  the machine  is cumbersome  to use. 
However it must be stressed that some  of the above results relate to 
tumours of less than 2  em  diameter  and  as such are,  to the author's 
knowledge,  the only measurements available to date. 
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- 116  -Attenuation  and  Scattering  of  Ultrasound  in  intra-ocular 
tumours 
R.L.  Romijn,  B.J.  Oosterveld  and  J.M.  Thijssen 
Abstract 
Diagnostic ultrasound  techniques  are  used  in  order  to 
try  to  characterize  intra-ocular  tumours.  The  main  problem 
is the  small  size  of  these  tumours,  which  makes  it difficult 
to  collect  sufficient uncorrelated RF-data.  A pilot study 
was  performed  on  Greene's  melanomas  implanted  in  the 
anterior  chamber  of  the  eye  of  a  rabbit.  The  ultrasound 
parameters  used  for  tissue  characterization  are  the 
frequency  dependence  of  the  attenuation and  of  the  relative 
backscatter.  In  order  to  be  able  to  obtain  a  statistically 
reliable value  for  the  attenuation coefficient,  a  new  method 
for  estimating  the  frequency  shift  was  employed.  This 
method  is  based  on  the  instantaneous  frequency  of  the 
RF-signal.  The  frequency  dependence  of  the  relative 
backscatter  was  estimated  by  employing  normalized 
backscatter  spectra.  Experiments  were  performed with  a  low 
attenuating  phantom  and  on  the  intra-ocular  tumours.  The 
average  scatterer  diameter  estimated  for  the  phantom 
corresponded  well  with  the  size  of  the  scattering spheres. 
All  scatterers had  a  diameter  less  than  50  micro  meter.  The 
tumours  could  be  characterized  by  a  size  of  the  scatterers 
of  about  60  micro  meters.  These  results are  very  promising 
for  tissue  characterization of  intra-ocular  tumours. 
Key  words  Attenuation;  Scattering;  Intra-ocular  tumours; 
Instantaneous  frequency;  Scatterer  size. 
Introduction 
Ultrasound  is of  increasing  importance  for  diagnosis  in 
several  fields  of  medicine.  In  the  eye  department 
ultrasound is  already  routinely  employed.  In  order  to 
improve  diagnosis  even  more,  especially  of  intra-ocular 
tumours,  a  RF-data  aquisition  system was  build to  be  able  to 
quantify tissue  characteristics  by  acoustic parameters.  The 
characterization of  the  intra-ocular  tumours  is  extremely 
important  for  the  treatment  given  to  the  patient or  even  a 
possible  enucleation  of  the  eye.  Two  acoustic  tissue 
parameters  were  employed  :  the  frequency  dependence  of  the 
attenuation and  of  the  relative backscatter.  Since  hardly 
any  experience  is  being  reported  on  very  small  volumes  of 
tissue,  the  methods  to  estimate  the  acoustic parameters  were 
evaluated.  Results  are  presented  on  intra-ocular  tumours 
implanted  in  a  rabbit eye. 
- 117  -Data Aquisition 
The  data  aquistion  of  the  RF-signals  from  the 
intra-ocular  tumours  in  the  rabbit eye  was  performed with  a 
single  element  transducer  (Panametrics  V312)  with  centre 
frequency  of  about  8  MHz.  The  data were  recorded with  a 
transient  recorder  (Biomation  8000,  sampling  rate  100  MHz), 
just  after  the  eye  was  enucleated.  The  eye  was  stored in 
degassed water  during  the  measurements.  The  transducer 
could  be  fixed during  recording  and  the  RF-data  was  always 
recorded  from  the  focal  zone  of  the  transducer.  Of  every 
eye,  10  different  RF  lines were  recorded. 
The  Greene's  melanoma  in  the 
rabbits  eye  is  implanted  in 
the  anterior  chamber  (Fig.1). 
This  is  not  corresponding  to 
the  location  of  tumours  in 
human  eyes  as  these are mostly 
situated  at  the  posterior 
segment  of  the  eye  (choroid). 
But  this  difference  is  of 
=minor  importance  if  it  is 
considered  that  the 
attenuation  of  the  sound  beam 
is  low  in  vitreous.  This 
means  that  for  human  tumour 
diagnosis,  the  lens  should  be 
avoided,  as  it  does  afflict 
the  behaviour  of  the  sound 
beam.  If  not,  the  frequency 
Fig .1  Cross  section of the eye  behaviour  of  especially  the 
with  Greene•s  melanomao  backscatter will  be  disturbed 
and  no  comparison with other  measurements  can  be  made.  The 
volume  of  the  tumour  is about  100  cubic millimeter,  which  is 
already very  small  for  normal  ultrasound  diagnosis.  An 
extra  complication  is  the  shape  of  the  tumour  in the 
anterior  chamber  of  the  rabbit eye.  At  this  location  the 
main  direction  of  growth  is perpendicular  to  the  incident 
ultrasonic  beam.  In  this way  RF-data  of  only  little  depth 
can  be  recorded. 
Attenuation 
The  frequency  dependence  of  the  attenuation  was  first 
estimated  with  a  centroid spectral  shift method  (Kuc  et al. 
[1]).  This  means  that  a  window  of  RF-data  was  taken  to 
calculate  a  power  spectrum.  This  power  is calibrated with  a 
spectrum  from  a  phantom  on  equal  depth  to  correct  for  the 
beam  diffraction.  The  centre  of  mass  of  the  resulting 
spectrum,  is the  estimate  for  the  frequency  on  the  depth  in 
the  tissue  the  RF-data  are  taken  from.  The  spectra were 
calculated for  RF  time  windows  which  overlapped  by  50 
percent.  Due  to  the  size of  the  tumour,  it is not  possible 
to garantee  that the  RF-data  were  uncorrelated. 
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Fig.2  Estimates  of the  centroid 
spectral  frequency,  in  tumour. 
Before  the  calculation 
of  the  instantaneous 
frequency  is 
performed,  it  is 
necessary to  perform  a 
POIIER  SPECTRA 
In  Figure  2  frequency 
estimates  are  shown 
for  six  different 
rabbit  eyes  on  the 
five  different  depths 
in  the  tumour.  A 
straight  line  fit, 
results  in a  value  for 
the  frequency  shift 
with  a  high  standard 
deviation.  Another 
method  for  estimating 
the  frequency  shift 
was  found  in  the 
calculation  of  the 
instantaneous 
frequency. 
diffraction 
correction.  Figure  3 
shows  the diffraction 
power  spectra  recorded 
from  a  low attenuating 
silica phantom.  It is 
obvious  that  the  power 
in  the  focus  is  much 
larger  than  in  the 
near- or  far  field. 
But  also  the  centroid 
frequency  of  these 
power  spectra is not  a 
constant. 
FIIEQIJENCY  --->  cr.-. ll rttzl 
Fig.3  Diffraction  effect of the 
transducer. 
From  the  same  figure  it  appears  that  the  centre 
frequency  changes  with  depth  and  is  largest  in  focus. 
Because  the  central  frequency  in  the  focal  point  is  not 
disturbed  by  the  beam  diffraction,  it is possible  to  make  a 
correction table  for  the  frequency  as  function  of  depth. 
This  kind  of  diffraction  correction  is  needed  for  the 
instantaneous  frequency  method,  as  we  have  to  correct  the 
frequency estimation on  every depth without  use  of  the  power 
spectra. 
The  next  step  in  the  calculations  is  the  removal  of 
data  points  which  are  not  reliable.  The  logarithm of  the 
envelope  is  calculated  from  the  original  RF-data 
(Cloostermans  et  al.  [2]).  A linear fit is made  through 
these  data  and  at  times  when  the  log-envelope  differs  more 
than  one  standard deviation  from  this fit the  instantaneous 
frequency  is  supposed  to  be  unreliable.  High  amplitude 
levels  could  indicate  a  specular  reflector,  that has  no 
frequency  dependence,  where  as  at  low  amplitude  levels  the 
estimate  of  the  instantaneous  frequency  is very unreliable 
- 119  -because  of  the  many  destructive  interferences of  echoes.  So 
the  instantaneous  frequency  is .  calculated as  function  of 
depth with  an  envelope weighting.  The  empty  signal  samples 
are  filled  up  if a  number  of RF-signals  is averaged.  This 
is because  both  specular  reflections  and  interferences  have 
a  uniform  random  distribution. 
In  Figure  4  the 
average  was  taken of 
i 
all  RF-data  derived 
from  the  rabbit 
!  .....  ... : ":: 
tumours.  A linear fit  & 
5  through  these  data 
~  resulted  in  value  a 
" 
·  ..... ::=.··  with  a  statistically 
I 
I  sensible  standard  I 
~  deviation.  If  the 
~  frequency  shift 
~  (dF/dZ)  is  known  in 
-e. 24  +/- 1.15 lltzi,IIS  the  tumour,  it is easy 
to  calculate  the 
TillE->  Crensa- I. 5  ,liS)  attenuation 
coefficient  (  p)  with 
Fig.4  Estimates  of  the  instantaneous  the  formula. 
frequency,  in  the  tumour.  dF  = 
2 
2.  p.O'. dZ  ( 1) 
Implicitly it is assumed  that  the  power  spectrum of  the 
transducer  is Gaussian  and  that  the  attenuation coefficient 
is linear with  frequency.  And  moreover  that  the  standard 
deviation  (a) of  this  spectrum is  independent  of depth  (Z) 
in  the  tissue.  So  a  diffraction  correction  has  to  be 
applied  (Verhoef  et al.  [3]). 
The  general  behaviour  of  the  logarithm of  the  envelope 
can  be  used  as  an  extra parameter  for  discriminating tissue, 
since it is  found  to  be  very consistent. 
The  histogram  showing  the  number  of  times  the 
instantaneous  frequency  is estimated at each depth,  exhibits 
a  small  increase with depth.  This  was  to  be  expected  since 
the  logarithm  is  a  non  linear  function,  so  the  envelope 
weighting  is  slightly  dependent  on  depth.  Because  the 
tumours  were  very thin,  this effects needs  no  correction. 
Scattering 
For  a  quantification  of  the  relative  backscatter  a 
method  is  used  as  described  by  Feleppa  et al.  [4].  A 
relative  amplitude  spectrum  is  obtained  through  a 
calibration  by  an  amplitude  spectrum  of  the  echo  from  a 
plane  reflector  in  focus.  Theoretical  curves  showing  the 
relative  amplitude  of  the  spectrum  versus  frequency,  as 
function  of  the  scatterer diameter,  were  calculated bu  these 
authors.  In  these  curves  assumptions  were  made  about  the 
concentration of  scatterers and  the  acoustic  impedance  of 
the  scatterers.  A linear fit through  the  curves yielded  an 
intercept with  zero  frequency  and  a  slope  value.  When  this 
- 120  -procedure  is  reversed,  it  is  possible  to  deduce  from  an 
intercept value  and  a  slope  value  of  a  calibrated  spectrum 
the  diameter  of  the  scatterers.  This'' outcome  is dependent 
on  tissue  and  transducer  characteristics. 
Nice  results have  been  presented  by  Feleppa  et  al. 
[4],  although  the  theory does  not  cover all aspects  of  the 
scattering  problem.  For  instance  the  beam  diffraction 
correction  which  is  incorporated  is  only correct  in  the 
small  range  of  the  focal  zone.  No  attenuation correction is 
performed  on  the  spectrum.  Before  reaching  the  region of 
interest this might  not  be  a  problem,  as  attenuation  in 
vitreous  is  very  low.  But  after penetration of  the  sound 
beam  in  the  tumour,  attenuation  correction  has  to  be 
performed,  since  it  is apparent  from  the  rabbit data  that 
attenuation is not  neglicable  and  is  certainly  influencing 
the  spectrum.  Another  point of doubt  might  be  the  linear 
fit through  the  relative backscattered  spectra.  And  last 
but  not  least,  the  concentration of  scatterers  (number  of 
scatterers per  unit  volume)  is  kept  the  same  for  all 
scatterer  diameters.  A  more  suitable  parameter  to  keep 
constant  might  be  the  density  of  scatterers  (mass  of 
scatterers  per  unit  volume)  instead of  the  concentration. 
When  doing  so  completely different values  for  the  intercepts 
of  the  theoretical  curves will  be  obtained,  while  the  slope 
values  remain  unchanged.  As  the  intercept  is  the  most 
sensible  parameter  for  the  estimation  of  the  scatterer 
diameter  this is limiting  the  reliability of  the estimate. 
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Fig.5  Calibrated  power  spectrum  of a 
silica gel  phantom. 
The  relative  amplitude 
of  the  backscatter was 
measured  for  the  low 
attenuating  phantom 
and  for  the  six 
intra-ocular  rabbit 
tumours.  Only  the 
first  window  of 
RF-data  in the  region 
of  interest was  taken 
for  backscatter 
analysis,  thus 
preventing attenuation 
effects.  The  phantom 
consists  of  a  low 
attenuating  medium 
with  a  large  number  of 
silica gel  scatterers. 
All  scatterer 
diameters  were  smalier 
than  50  micro  meters. 
The  linear fit through  the  calibrated  spectrum,  using  all 
frequencies  within  the  usable  bandwidth  of  the  transducer 
yielded  a  slope value  which  is  equivalent  to  an  average 
scatter  diameter  of  25  micro  meter.  The  data derived  from 
the  tumours  have  a  shallower  slope  value  then  the  phantom. 
- 121  • The  mean  slope  for  all 
six  tumours  yielded  a 
scatterer diameter  of 
about  60  micro  meters. 
The  individual  tumours 
had  scatterer 
diameters  varying  from 
57.5  to  65  micro 
meter.  No 
histological data  have 
been  available  till 
now.  The  slope  and 
intercept values  give 
good  reason  to  hope 
that  results  can  also 
be  obtained  from  human 
tumours  and  that these 
results  may  lead  to 
tumour 
characterization. 
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Figo6  Calibrated  power  spectra of the 
tumours. 
With  a  single  element  transducer it was  not possible  to 
collect  enough  uncorrelated  RF-data  for  estimation of  the 
attenuation in  intra-ocular  tumour  within  a  single  rabbit 
eye.  But  this is greatly due  to  the  unfavourable  shape  of 
the  tumour  as  compared  to  human  intra-ocular  tumours.  By  an 
improvement  of  the  data  aquistion  system  it has  become 
possible  now,  to collect and  process  human  data  in  vivo. 
(Kruimer  et  al.  [5]).  As  it is already possible with  a 
volume  of  six  tumours.  The  ultrasonic  front-end  to  be  used 
in  future  is  a  Triscan echograph  (type  TRl),  operating at 
7.5  MHz  centre  frequency.  The  RF-data  are  digitized  in  a 
transient  recorder  (Bakker  BE  256)  at a  sampling  rate of  40 
MHz.  and  send  to  a  Professional  380  computer  (Digital).  In 
the  computer  the  data are  stored and  displayed.  From  the 
computers  screen it  is  possible  to  select  a  region  of 
interest  with  a  mouse.  The  RF-data  in  the  region  of 
interest are  used  to  calculate  the  acoustic parameters. 
The  scatterer diameter  might  in  future  prove  to  do  what 
it  now  promises  to  do:  characterization of  the  type  of 
tumour,  with  only  a  very  small  amount  of  data.  The 
attenuation  coefficient  can  be  reliably estimated as well. 
In  conclusion:  very promising  techniques  have  been  worked 
out  for  the  estimation of  two  important acoustic parameters, 
of  human  intra-ocular  tumours. 
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Two  of  the  assumptions  most  commonly  used  in  evaluating  acoustic 
parameters  of  tissue  are  the  'plane  wave'  assumption,  and  the  assumption  that  the 
scattering  is  only  incoherent.  The  relation  between  and  the  significance  of  these 
assumptions  is  discussed  in  respect  of  measurements  of  attenuation  and  scattering. 
Experimental  approaches  to  the  investigation  of  the  coherent  and  incoherent  parts 
of  the  scattering  are  described  and  preliminary  results  on  model  systems  and 
tissue  are  presented. 
Key  words:  Coherent;  incoherent; scattering;  attenuation;  phase 
1.  INTRODUCTION 
In  spite  of  the  fact  that  the  diagnostic  ultrasonic  pictures  widely  used 
in  clinical  practice  are  based  on  scattered  signals,  the  biological  identity  of  the 
scatterers  appears  to  be,  as  yet,  undetermined.  One  of  the  reasons  for  this  is 
undoubtedly  the  fact  that  the  scatterers  are  most  probably  very  much  smaller 
than  the  wavelengths  used.  However,  there  are  a  number  of  assumptions  that  are 
used  - implicitly  or  explicitly  - in  converting  the  electrical  measurements  recorded 
into  values  of  acoustic  parameters  such  as  attenuation  coefficients  or  scattering 
cross-sections.  The  design  of  critical  experiments  to  provide  independent  evidence 
for  the  validity  of  some  of  these  assumptions  is  a  challenging  task,  and  one  that 
is  generally  inglorious.  It is  made  more  complex  by  the  fact  that  in  many  cases 
the  extent  to  which  a  given  assumption  can  be  shown  to  be  valid  turns  out  to  be 
one  of  numerical  significance,  and  is  thus  determined  primarily  by  the 
application  under  consideration  at  a  particular  time.  Nevertheless,  for  the 
security  of our  scientific  progress,  and  the  development  of  its  sophistication,  these 
assumptions  should  be  investigated  if  means  can  be  devised  to  do  it. 
Although  there  may  be  more  hidden  away,  two  of  the  assumptions  that 
occur  most  often  are  those  of  ultrasonic  plane  wave  propagation  and  of 
incoherent  scattering  in  soft  tissues.  The  two  are  related  in  a  relatively  complex 
manner. 
2.  PLANE  WA YES  AND  COHERENT SCATTERING 
The  'plane  wave  assumption'  is  a  shortened  formulation  describing  the 
assumption  that  if  a  plane  wave  is  incident  normally  onto  a  parallel  sided 
specimen  the  emergent  wave  will  also  be  a  plane  wave  travelling  in  the  same 
direction.  This  is  essentially  equivalent  to  the  assumption  of  straight  ray 
propagation.  The  assumption  enters  almost  every  area  of  ultrasonic  tissue 
characterization.  It  is  assumed  in  simple  laboratory  measurements  of  speed  and 
attenuation.  Disruption  of  the  wavefronts  may  cause  large  systematic  errors  if 
phase  sensitive  receivers  are  used  (see  below).  Measurements  of  speed  and 
attenuation  are  prerequisites  both  for  diffraction  corrections  on  the  measurements 
of  velocity  and  attenuation,  and  for  evaluation  of  scattering  measurements.  Of 
more  significance  is  the  fact  that  disruption  of  the  wavefronts  in  general 
- 127 -precludes  measurement  of  scatter  in  meaningful  terms  [1]  because  the  effects  of 
wavefront  disruption  in  the  tissue  intervening  between  the  transducer  and  the 
gated  scattering  volume  cannot  be  distinguished  from  the  scattered  signal.  In 
certain  specific  circumstances,  the  wavefront  disruption  may  be  sufficiently  small 
to  be  negligible.  For  this  to  occur  the  gated  scattering  volume  must  either  be 
relatively  superficial,  or  the  structure  of  the  tissue  must  be  such  that  the 
inhomogeneities  appear  as  very  weak  scatterers. 
Thus  although  the  validity  of  the  plane  wave  assumption  over  the  depths 
from  which  scattering  is  to  be  measured  in  the  tissue  is  a  necessary  condition,  it 
would  appear  that  it  is  not  sufficient.  Using  the  formulation  of  Foldy  [2]  we 
may  write  the  total  radiation  density  from  an  ensemble  of  scatterers  as 
(1) 
where  I/J0  is  the  irradiating  wave  and  I/J
8  is  the  scattered  wave.  This  identity 
suggests  that  there  is  a  part  of  the  scattering,  <I/J
8>,  which  is  added  to  the 
incident  wave  as  a  complex  amplitude  and  may  be  called  the  'coherent'  part  of 
the  scattering.  The  remaining  terms  in  I/J
8
,  namely  <  II/J
8 1 2>  and  - I  <I/J
8>  1 2,  add  as 
intensities  and  are  called  the 
1 incoherent 
1  part  of  the  scattering.  It  should  be 
noted  that  the  terms  coherent  and  incoherent  scattering  used  by  different  authors 
sometimes  vary  in  their  physical  interpretation.  For  the  present  discussion, 
Foldy's  definition  will  be  used,  as  given  above. 
In  practical  terms  a  plane  wave  incident  upon  a  (parallel-sided)  specimen 
may  emerge  with  significant  disruption.  The  mean  values  of  the  fluctuations  in 
amplitude  and  phase  give  the  amplitude  and  phase  of  the  first  term  on  the  right 
hand  side  of  Eq.  (1),  (i.e.  of  I/J0  +  <I/J
8>).  Provided  I/J0  is  known,  the  coherent 
part  of  the  scattering  - <I/J
8>  - may  be  determined.  The  fluctuations  about  this 
mean  value  represent  the  incoherent  part  of  the  scattering,  and  give  the  last  two 
terms  on  the  right  hand  side  of  Eq.  (1).  From  this  simple  picture  it can  be  seen 
that  the  extent  of  the  disruption  of  wavefronts  that  propagate  through  a 
specimen  can  only  give  information  on  the  incoherent  part  of  the  scattering.  The 
emergence  of  an  essentially  planar  wavefront  from  the  specimen  may  incorporate 
a  significant  degree  of  coherent  scattering.  Validity  of  the  planar  wave 
assumption  can  be  consistent  with  a  high  degree  of  coherent  scattering,  which 
will  generally  occur  if  there  is  regularity  in  the  spatial  ordering  of  the  scattering 
centres  (in  the  extreme  limit  if  they  form  a  boundary),  if  they  are  sufficiently 
closely  packed  [3],  or  if  they  are  strong  enough  scatterers  for  multiple  scattering 
to  be  significant. 
3.  EXPERIMENTAL  EVIDENCE  FOR  TISSUE 
The  situation  regarding  the  validity  of  either  of  the  assumptions 
mentioned  in  the  first  section,  as  far  as  ultrasonic  wave  propagation  in  soft 
biological  tissue  is  concerned,  appears  to  be  unresolved  at  the  present  time.  The 
information  in  the  literature  is  extremely  limited.  Miller  and  his  colleagues  (e.g. 
[4])  published  a  number  of  papers  in  which  attenuation  measurements  made  with 
finite  phase-sensitive  piezoelectric  receivers  were  compared  with  those  made  with 
smaller  piezoelectric  receivers,  and  with  those  made  using  phase  insensitive 
acoustoelectric  receivers.  The  measured  attenuation  decreased  successively  and  the 
lowest  value  obtained  was  considered  to  be  the  'right'  one.  These  experiments 
- 128  -provide  circumstantial  evidence  for  significant  wavefront  disruption  by  soft 
tissues. 
The  only  other  - again  circumstantial  - evidence  that  has  been  available 
until  recently  comes  from  the  enormous  variation  in  the  values  of  the 
backscattering  cross-section  per  unit  volume  per  unit solid  angle.  These,  for  fresh 
human  liver,  vary  by  over  an  order  of  magnitude  [5].  This  is  consistent  with  the 
problem  of  making  scattering  measurements  that  would  arise  if  the  wavefronts 
were  significantly  disrupted,  but  such  disruption  is,  of  course,  not  the  only 
mechanism  that  might  lead  to  such  an  effect. 
4.  EFFECT  OF  REALISTIC  TRANSDUCERS  ON  MEASUREMENTS  OF 
ATTENUATION  AND  SCATTERING 
The  most  common  approach  to  attenuation  (and  velocity)  measurements  in  the 
laboratory  is  the  replacement  method  in  which  a  parallel-sided  specimen  of 
known  thickness  is  interposed  between  two  aligned  transducers  whose  axes  are 
perpendicular  to  the  sides  of  the  specimen.  Measurements  of  the  amplitude  (and 
phase)  of  the  received  waves  are  compared  to  those  obtained  with  a  known  fluid 
between  the  transducers.  From  these,  the  attenuation  (and  velocity)  in  the 
specimen  are  calculated.  To  a  first  approximation  planar  wave  propagation  is 
assumed.  To  a  second  approximation  diffraction  corrections  are  used  to 
accomodate  the  finite  size  of  the  transducers.  These  rely  on  assuming  ideal 
transducer  performance.  Frequency  dependent  effective  dimensions  (e.g.  radius) 
for  the  trasnducers  have  been  defined  [6]  and  investigated  in  some  detail  [7]  but 
their  value  in  experimental  situations  has  not  yet  been  proven.  No  analysis 
appears  to  exist  for  corrections  appropriate  to  the  most  common  case  of  the 
medium  between  the  transducers  being  piecewise  discontinuous.  The  magnitude  of 
diffraction  corrections  in  homogeneous  materials  is,  for  attenuation  measurements, 
of  the  order  of  a  few  percent,  and  for  velocity  measurements  an  order  of 
magnitude  lower.  These  corrections  are  of  the  same  order  of  magnitude  as  the 
precision  typically  reported  for  the  results  of  experiments  on  tissues. 
The  presence  of  inhomogeneities  in  the  specimen  which  may  cause  wavefront 
fluctuations  suggests  that  the  one  dimensional  model  for  a  plane  wave  at  a 
distance  x  into  the  specimen, 
i.e.  p(x)  p( o  )exp(  -ax)expi(wt-kx)  ( 2) 
needs  very  careful  interpretation.  In  Eq.  (2)  the  acoustic  pressure  wave  has  been 
used  to  define  the  so-called  amplitude  attenuation  coefficient  ex.  With  the 
validity  of  a  plane-wave  it  is  possible  then  to  define  an  intensity  attenuation 
coefficient  11.,  where  1!=2cx.  However  if  the  wavefronts  are  disturbed  by  their 
propagation  through  the  medium,  the  use  of  conventional  amplitude  detectors 
(e.g.  piezoelectric  transducers)  and  intensity  detectors  (e.g.  cadmium  sulphide 
transducers)  will  measure  fundamentally  different  quantities.  They  may  well  be 
said  to  measure  an  amplitude  attenuation  coefficient,  ex',  and  an  intensity 
attenuation  coefficient,  IL',  but  IL'  will  not  in  general  be  equal  to  2cx'.  The 
reason  for  this  can  be  seen  by  reference  to  Eq.  (1).  The  quantity  measured  by 
conventional  piezoelectric  phase-sensitive  receivers  is  the  integral  of  the  complex 
- 129  -pressure  over  the  surface  of  the  transducer.  If  l}J0  is  assumed  to  be  a  plane 
wave  it  is  then  simply  l}J0  +  <l}J
8>,  i.e.  the  quantity  inside  the  modulus  on  the 
first  term  on  the  right  hand  side  of  Eq.  (1).  In  this  case  it  can  be  seen  that  the 
attenuation  (or  velocity)  measured  will  include  the  contribution  to  the  attenuation 
(or  velocity)  of  the  coherent  part  of  the  scattering  only.  The  quantity  measured 
by  cadmium  sulphide  transducers  is  the  term  on  the  left  hand  side  of  Eq.  (1) 
which  includes  both  coherent  and  incoherent parts  of  the  scattering. 
Thus  the  'amplitude'  attenuation  coefficient  includes  the  coherent  scattering 
only,  while  the  'intensity'  attenuation  coefficient  includes  both  coherent  and 
incoherent  scattering.  In  principle  the  difference  between  such  measurements, 
appropriately  manipulated  will  give  the  magnitude  of  the  incoherent  part  of  the 
scattering.  In  considering  the  implications  of  this  approach  it  is  important  to 
recognise  a  fundamental  difference  between  model  systems  which  consist  of 
known  scatterers  in  a  known  matrix,  the  acoustic  parameters  of  the  scatterers 
being  the  same  for  all  scatterers,  and  the  situation  for  tissue.  For  tissue  the 
scatterers  are  not  a  priori  known.  It  is  further  not  known  whether  they  may  be 
considered  each  to  have  the  same  acoustic  parameter  values.  For  this  reason  the 
definition  of  l}J0  in  the  above  equations  requires  much  more  careful  interpretation 
for  tissue  than  it  does  for  model  systems. 
When  scattering  measurements  per  se  are  attempted  on  tissue  as  a  potential 
means  of  tissue  characterization,  it  is  necessary  to  use  finite  transducers  -
particularly  if  the  angular  dependence  of  the  scattering  is  to  be  investigated  [8]. 
The  incorporation  of  the  radiation  characteristics  of  the  probes  into  the  analysis 
by  which  differential  scattering  cross-sections  are  calculated  from  the  electronic 
measurements  made,  appears  to  be  a  relatively  complex  process.  Most  of  the 
analyses  that  exist  are  related  specifically  to  the  problem  of  tissue 
characterization,  attention  being  concentrated  on  backscattering  measurements. 
Different  authors  have  used  the  -3dB  [9,  10]  or  the  -6dB  [11]  measured  beam 
profiles.  Others  have  used  an  ideal  piston  source  model  [ 12,  13]  or  a  Gaussian 
fit  to  measured  beam  patterns  [14].  In  general  these  different  approaches  will, 
with  a  given  set  of  electronic  measurements,  lead  to  different  numerical  values 
for  the  differential  scattering  cross-sections.  More  recently  an  analysis  has  been 
described  (Waag  - private  communication)  in  which  arbitrary  spatial  distributions 
for  both  receiver  and  transmitter  can  be  incorporated.  The  procedures  for 
measuring  these  distributions,  and  their  associated  limitations,  still  require 
elaboration. 
The  penalty  usually  paid  for  the  incorporation  of  a  more  complex 
approximation  to  reality  as  far  as  the  behaviour  of  the  transducers  is  concerned, 
is  a  simplification  of  the  scattering  situations  that  are  covered.  Specifically  all 
the  groups  of  authors  cited  in  the  preceding  paragraph,  with  the  exception  of 
Madsen  et  al.  [13]  explicitly  limit  their  analyses  to  uncorrelated  scattering  by 
weak  scatterers.  The  Born  approximation  is  used  and  the  scattering  is  assumed 
to  be  only  incoherent.  Madsen  et  al.  [13]  discuss  the  part  of  the  backscattering 
that  may  be  coherent,  and  then  use  a  measurement  regime  in  which  the  only 
contributions  to  the  coherent  scattering  arise  from  the  edges  of  the  gate  used  to 
define  the  scattering  volume.  They  emphasise  that  their  work  is  an  extension  of 
that  of  Glotov  [15].  Machado  et  al.  [16]  have  produced  experimental  results 
suggesting  that  multiple  scattering  becomes  significant  at  5MHz  for  concentrations 
of  0.6mm  polystyrene  spheres  in  a  weak  sugar  solution  above  100  per  cubic 
centimetre.  The  interpretation  of  their  results  is  based  on  Ishimaru's 
formulation  [17]. 
The  emphasis  on  scattering  measurements  - which  is  consistent  with  the 
- 130  -assumption  that  the  scattering  is  only  incoherent  - is  to  take  the  mean  square 
pressure  amplitude  as  the  appropriate  parameter  to  measure.  For  some  authors 
(e.g.  [9]  and  [14])  there  is  an  explicit  requirement  in  the  analytical  formulation 
for  the  transducers  to  be  far  from  the  scattering  volume.  Others  (e.g.  [10]) 
introduce  this  as  a  means  of  reducing  phase  cancellation  artefacts.  Apart  from 
this,  the  potential  fluctuations  in  the  scattered  wavefronts  and  the  resultant 
artefacts  appear  to  be  ignored,  except  for  a  model  calculation  by  Shung  and 
Drzevzianowski  [ 18]. 
It is  interesting  to  note  in  passing  that  the  requirement  that  the  scattering  be 
only  incoherent  is  potentially  in  conflict  with  the  requirement  that  the 
wavefronts  are  not  disrupted  as  they  propagate  through  the  tissue  if  sensible 
scattering  measurements  are  to  be  made.  The  resolution  of  this  conflict  - at  least 
at a  numerical  level  - is  an  important  area  of  work. 
5.  METHODS  OF  MEASURING  COHERENT  AND  INCOHERENT  SCATTERING 
The  experimental  exploitation  of  the  available  experimental  methods  of 
looking  at  coherent  and  incoherent  scattering  are  still  at  a  very  early  stage  of 
their  development.  Although  there  has  been  evidence  from  B-scan  visualization 
of  models  that  coherent  scattering  may  play  an  important  role  in  the  imaging 
process  [19],  the  majority  of  the  work  has  been  performed  in  the 
through-propagation  situation  appropriate  to  conventional  attenuation 
measurements.  Furthermore  the  approach  mentioned  above,  of  using  the 
difference  between  measurements  made  with  phase  sensitive  and  phase  insensitive 
receivers  to  determine  the  incoherent  portion  of  the  scattering  does  not  appear  to 
have  been  investigated  experimentally.  To  some  extent  it  is  not  useful  if  used 
alone.  The  majority  of  tissue  characterization  experiments  have  to  date  involved 
measurements  using  a  single  approach  (which  is,  while  based  on  assumptions  that 
may  have  been  appropriate  for  the  model  media  on  which  the  technique  was 
based,  may  not  be  valid  for  tissue).  The  comparison  of  results  from  different  or 
complementary  techniques  will  be  an  important  development  in  ultrasonic  tissue 
characterization.  In  the  particular  context  under  discussion  at  present,  it  will  be 
necessary  for  all  the  information  available  from  the  different  approaches  to  be 
consistent  before  firm  conclusions  can  be  drawn. 
The  two  approaches  that  have  been  most  used  are  a  novel  technique 
employing  focussed  fields  in  penetrable  media  [20],  and  the  measurement  of  phase 
and  amplitude  fluctuations  ofthe  waves  propagating  through  a  specimen  in  a 
plane  perpendicular  to  the  initial  direction  of  the  beam  [21,  22]. 
The  former  technique  is  based  on  the  analytical  form  of  the  axial  pressure 
amplitude  for  a  weakly  focussed  bowl  transducer.  Provided  that  the  speed  of 
sound  in  two  media  is  quite  closely  the  same,  the  logarithm  of  the  ratio  of  the 
pressure  amplitudes  obtained  in  the  two  media  is  a  straight  line  whose  slope 
gives  the  difference  of  attenuation  in  the  two  media  [20].  It  is  therefore 
relatively  easy  to  measure  the  absorption  of  a  homogeneous  liquid  such  as  castor 
oil  using  water,  for  example,  as  a  reference.  If scattering  particles  are  included 
in  the  absorbing  fluid,  the  axial  pressure  distribution  is  found  to  exhibit 
significant  fluctuations.  The  magnitude  of  these  fluctuations  depends  on  the 
amount  of  stirring  that  is  taking  place.  However  it  has  been  shown  [23]  that  the 
mean  level  of  the  fluctuations  measured  without  stirring  gives  the  coherent 
contribution  of  the  scattering  by  the  particles  to  the  overall  attenuation  in  the 
suspension.  The  experiments  were  performed  on  250ttm  diameter  polystyrene 
beads  in  castor  oil  and  the  experimental  results  at  volume  concentrations  of  one 
- 131  -and  two  percent  compared  with  the  theory  of  Waterman  and  Truell  [24].  The 
comparison  showed  good  agreement  between  1.0  and  2.5MHz. 
The  extension  of  the  technique  to  tissue  is  technically  difficult.  However, 
studies  have  been  carried  out  [25,  26]  using  miniature  hydrophones  inserted  into 
intact  tissues  and  these  could  be  extended  for  exploitation  in  the  focussed  bowl 
technique.  The  major  consideration  in  the  analysis  of  the  data  concerns  the 
distinction  between  the  intrinsic  absorption  of  the  tissue  (comparable  to  the 
absorption  in  the  castor  oil  of  the  model  system)  and  the  coherent  scattering 
contribution  to  the  attenuation.  This  problem  arises  also  with  the  measurement 
of  phase  and  amplitude distributions. 
The  measurement  of  the  phase  and  amplitude  distributions  of  a  beam 
impinging  upon  a  specimen  [7]  and  subsequently  emerging  from  a  specimen 
requires  miniature  hydrophones  of  known  amplitude  and  phase  directivities  [27], 
and  close  attention  to  the  precision  of  the  timing  circuits,  the  temperature  control 
and  the  mechanical  scanning  arrangement.  The  precisions  required  increase 
significantly  with  increasing  frequency.  Measurements  have  been  reported  on  a 
series  of  models  of  glass  beads  (50-500~tm diameter,  in  four  size  bands)  suspended 
in  silicone  rubber  [22].  The  preliminary  results  obtained  on  fresh  beef  liver  in 
vitro  [21,  29]  have  been  extended  [30].  In  particular  the  potential  effect  of 
thickness  variations  in  producing  phase  disruption  (because  of  the  difficulty  of 
cutting  soft  tissues  with  plane  parallel  sides)  has  been  removed  by  immersing  the 
specimens  in  velocity  matched  saline  solutions.  The  detection  of  the  presence  of 
airbubbles  in  the  specimens  is  an  unanswered  question  that  is  of  considerable 
importance  since  even  a  few  microbubbles  could  produce  significant  disruptive 
effects.  The  author  is  unaware  of  any  reliable  method  for  detecting  such 
bubbles  non-invasively.  Selected  results  of  these  measurements  are  shown  in  the 
table. 
It  can  be  seen  that  the  fluctuations  observed  in  both  tissue  specimens  were 
much  less  than  those  for  the  highest  concentration  of  the  largest  scatterers 
(500-600~tm  diameter).  The  graphical  form  of  the  experimental  results  [22,  30] 
shows  that  the  degree  of  phase  disruption  is,  apart  from  the  largest  bead 
concentration and  size,  relatively  small,  suggesting  that  the  plane  wave  assumption 
may  well  be  valid  to  a  good  degree  of  approximation  (particularly  for 
specimen  B).  The  analysis  of  the  detailed  results  using  equation  1  to  extract  the 
coherent  and  incoherent  parts  of  the  scattering  is  in  progress.  Preliminary  results 
indicate  that  for  the  7.5%  concentration  of  500~tm  diameter  beads  (selected 
because  it  is  the  model  with  fluctuations  typical  of  those  observed  in  the  tissue 
specimens),  the  ratio  of  the  coherent  to  incoherent  scattering  intensities  is 
approximately  3:2.  This  high  component  of  coherent  scattering  will  have  great 
significance  if  it  is  found  to  be  present  for  tissues.  As  for  the  focussed  bowl 
technique,  however,  it  is  probably  necessary  to  obtain  figures  for  the  intrinsic 
absorption  of  the  tissues  - i.e.  without  the  scatterers  - from  measurements  made 
on  homogenized  specimens  [31].  This  is  a  procedure  that  needs  care  both  in 
performance  and  in  interpretation. 
The  major  limitation  that  exists  at  present  in  the  use  of  data  obtained  from 
fluctuation  or  finite  transducer  measurements  concerns  the  lack  of  knowledge  on 
the  way  in  which  the  finite  area  over  which  such  measurements  have  to  be  made 
influences  the  results  of  the  calculations  of  the  coherent  and  incoherent 
components  of  the  scattering.  In  addition  the  effects  of  the  finite  hydrophone 
size  (important  at  high  frequencies),  and  the  spatial  sampling  used  need  careful 
investigation. 
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The  development  of  the  conceptual  role  of  coherent  and  incoherent  scattering 
in  tissues  is  at  a  very  early  stage.  It is  clear  that  the  plane  wave  assumption, 
needed  for  conventional  attenuation  studies,  may  still  be  valid  but  mask  a  high 
degree  of  coherent  scattering.  The  use  of  phase  sensitive  and  phase  insensitive 
transducers  in  situations  where  the  attenuation  results  from  the  two  differ 
significantly  indicates  that  fundamentally  different  quantities  (both  of  which  may 
be  called  an  "attenuation  coefficient")  are  being  measured.  The  difference 
between  the  results  obtained  may  give  information  on  the  incoherent  part  of  the 
scattering. 
Experimental  evidence  either  for  the  validity of  the  plane  wave  model  or  for 
the  ratio  of  coherent  to  incoherent  scattering  in  tissue  is  very  scarce  at  present. 
The  focussed  bowl  technique  for  measuring  the  coherent  scattering  has  not  yet 
been  extended  to  tissues,  while  the  wave  fluctuations  approach  has  been  used  on 
only  two  specimens  and  considerable  work  needs  to  be  done  to  analyse  the  data 
obtained,  to  define  its  limitations,  and  to  obtain  more  data. 
The  main  interest  in  the  definition  of  the  ratio  of  the  coherent  to 
incoherent  scattering  contributions  in  tissue  is  the  basic  conflict  in  the  present 
analyses  used  to  obtain  differential  scattering  cross-sections  that  plane  wave 
propagation  is  required  (which  allows  coherent  but  not  incoherent  scattering,  in 
general)  but  that  the  scattering  is  assumed  explicitly  to  be  incoherent  in  the 
analyses.  This  is  clearly  an  important  area  to  be  clarified  if  scattering 
measurements  are  to  be  optimised  as a  means  of  tissue  characterization. 
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Table  of  extreme  variations  in  amQlitude  and  Qhase  observed  on  model  s~stems 
and  fresh  beef  liver 
(The  amplitude  values  are  normalized  to  a  nominal  value  of  1.) 
Model  Bead  size (l!m)  500  500  500  500  250  90 
Systems  Vol.  concentration(%)  0  2  7.5  17.2  8  5 
Amplitude  variations  0.16  0.34  0.90  1.22  0.60  0.16 
Phase  variations  (0 )  14  17  38  58  17  12 
Tissue  Specimen  (site)  A(i)  A(ii)  A(iii)  A(iv)  A(v) 
in  velocity  Amplitude  variations  0.20  0.36  0.36  0.51  0.43 
matched  Phase  variations(0 )  13.1  24.6  71.5  40.0  40.2 
saline 
Specimen  (site)  B(i)  B(ii)  B(iii)  B(iv)  B(v) 
Amplitude  variations  0.13  0.47  0.11  0.19  0.26 
Phase  variations(0 )  19.5  35.9  25.2  43.7  41.3 
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- 135  -NON-LINEAR  LOSSES  IN  THE  MEASUREMENT  OF  ATTENUATION 
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The  loss  of  energy  from  the  fundamental  frequency  of  a  finite-
amplitude  ultrasonic wave  has  been measured.  Transmission through water, 
excised  liver tissue,  and  a  combined path of liver and water have  been 
investigated,  in order to assess the  importance of non-linear loss in the 
measurement  of tissue attenuation in-vitro.  It is concluded that  non-
linear effects,  primarily in the water paths,  cause  losses which  should 
be  assessed and  may  be difficult to quantify.  The  losses are minimised 
by  reducing waterpath length,  source  amplitude  and  focal  gain. 
Key  Words:  Acoustic  shock;  Attenuation measurement;  Finite-amplitude 
loss;  Focusing;  Non-linear propagation. 
Introduction 
The  propagation of ultrasound through fluids  and tissues is  not  a 
linear  process.  The  non-linear  acoustic  effects  in  biomedical 
applications  have  been  summarised  by  Muir  and Carstensen  [6].  A  more 
complete  general  review of acoustic non-linearity is given,  for  instance, 
by  Bjprnd [3].  One  resultant effect of this non-linearity is that there 
is  a  greater loss of energy during the propagation of a  high  amplitude 
wave  than would  be  predicted from  simple  considerations of low  amplitude 
thermoviscous  or relaxation losses.  For plane waves,  Blackstock  [2]  has 
given  the  term  'EXDB'  to the excess  dB  ratio  of  the  non-linear  to 
ordinary  small-signal  losses,  -20  log  (B 1/exp(-ax))  where  B  is  the 
magnitude  of the  fundamental  component  in the wave  and  a  its 
1 amplitude 
attenuation coefficient for  small  amplitude waves.  This  additional loss 
can  be  associated with the  harmonic  components  generated within the wave, 
and  also with the losses  once  a  pressure discontinuity,  or  'shock'  has 
been  formed. 
In  this  paper we  present  the results of  experiments  designed  to 
investigate  the  magnitude  and characteristics of these non-linear losses 
when  measurement  of tissue attenuation is being  carried  out.  It  is 
possible  to  consider these  losses,  broadly,  in two  ways.  Firstly the 
loss  from  the  fundamental  frequency  in the  wave  may  be  considered, 
ignoring  whether  this  energy is still carried by higher  harmonics  in 
propagating  wave,  or is energy deposited in the medium.  Secondly  the 
total  energy lost from  the wave  may  be  investigated.  Here  we  consider 
only  the  former  since loss  from  the  fundamental  frequency  appears  most 
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5.0  em  for relevant  to narrow-band attenuation measurements.  For either fundamental 
frequency or total loss three different  circumstances  may  be  considered 
a)  The  transmission  path is entirely coupling fluid  (usually  water). 
In this case  the results are most  relevant  for calibration,  and also 
in the  interpretation of the  'mixed'  behaviour  (c). 
b)  The  transmission path is entirely tissue.  In this case  the results 
are primarily relevant in the  interpretation of in-vivo attentuation 
estimation. 
c)  The  transmission path consists of both  tissue  and water.  Here  the 
behaviour  of  the  wave  is of most  relevance  in  interpreting  the 
results of in-vitro measurements  of tissue attenuation. 
Experimental  Apparatus  and  Methods 
All  measurements  were  carried  out  using  a  3.5  MHz  focused 
transducer,  13  mm  diameter,  focus  50  mm,  focal  gain  12.9  dB.  The  focal 
gain  was  calculated as  the ratio of transducer radiating area  to  focal 
beam  area,  measured at 1/e of the  maximum  pressure.  The  transducer was 
coupled  via  a  thin polyethylene  window  to  a  small  bath filled with  tap 
water at  room  temperature  (22°C).  The  drive  was  provided by  an  ENI  240L 
power  amplifier.  Tone  bursts of controlled amplitude  and of at least  10 
cycles  were  used at  a  prf of 1  kHz.  The  ultrasonic wave  was  measured 
using  a  PVdF  membrane  hydrophone,  which  was  located on-axis either at the 
beam  focus  or  at  100  mm  using  a  three  dimensional  micromanipulator 
assembly.  The  hydrophone  was  bilaminar  2  x  25  ~m thick with  a  0.5  mm 
diameter  poled sensitive area.  The  5  em  hydrophone  cable  was  connected 
to  a  unity gain amplifier,  -3  dB  band-width at  25  MHz,  and  to a  HP54200A 
digitising oscilloscope.  Hydrophone  calibration at frequencies  from  1  to 
10  MHz  was  provided  by  the  National  Physical  Laboratory,  Teddington, 
England,  and  the  overall sensitivity was  0.0465  mV/kPa  at  3.5  MHz.  The 
central  two  or three  cycles of the pulse,  averaged  64  times  were  captured 
and  down-loaded  to  a  HP216  microcomputer.  The  digitisation  rate  was 
200  MHz.  A  DFT  was  carried out  on  the  data points  between  the first and 
second positive-going zero crossings  and  power  spectrum  and  phase  values 
were  calculated. 
Ox-liver samples  were  obtained  from  the  abbatoir,  refrigerated  (not 
frozen)  until used,  and  used within about  12  hours  of death.  Suitable 
thicknesses  of liver were  cut and  held in polyethylene  bags  at  22°C  in 
physiological saline,  to  be  mounted at positions described below,  between 
transducer  and  hydrophone.  Slab  thicknesses  were  not  carefully 
controlled  (50  ±2  mm  and  20  ±5  mm)  since  the  investigation  primarily 
concerned  the  importance  of non-linearity  losses  during  attenuation 
measurements  rather than  absolute attenuation measurement  itself. 
Reference  acoustic  levels were  obtained in two  ways.  Hydrophone 
measurements  were  made  in water at  about  1  em  from  the  transducer, 
slightly  off axis.  These  measurements  enabled reference  to be  made  to 
the  frequency  content  in  the  wave  at  a  fixed  (although  arbitrary} 
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Figure  3  -2  Measured  waveform  at  I (sa)  =  19  W  em  ,  behind  5. 0  em  ox 
liver.  0.0465 mV/kPa  at 3.5 MHz. 
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following  liver transmission. 
- 140  -location  close  to  the  transducer.  The  second harmonic  level  at  this 
position  was  found  to vary  from  34  dB  to  21  dB  below  the  fundamental  as 
the  drive  level to  the  transducer was  varied from  minimum  to  maximum. 
These  levels  were  contributed  in unknown  proportions  by  transducer 
distortion,  and propagation distortion.  The  second acoustic  reference 
was  provided by  total acoustic power  measurements  using  a  radiation force 
balance  [4].  Minor  amplitude-dependent  losses in the oil-filled chamber 
of  the  balance  were  estimated,  and  correction was  applied.  Spatial-
average  intensities  during  the pulse at  the  transducer,  I(sa),  were 
calculated  from  the  power  measurement  using  knowledge  of  transducer 
radiating area,  pulse duration and prf.  Estimated overall accuracy for 
I(sa)  was  10%  above  0.5  W crn-
2  and  15%  below. 
Results 
The  variation of fundamental  (f1 )  and  second  harmonic  (f2 )  in water 
at  50  rnrn,  as  source  intensity I(sa)  was  altered is shown  in  Fig.  1. 
Levels  are referred to  1  MPa.  The  increase in f 1  content is not  linear 
with  I(sa).  f2  content  was  measured to be  6.06  dB  below  f 1  at  the 
highest  level  (19  W crn- 2 )  and  7.92  dB  below  at  I(sa)  = 2.7 W crn- 2 • 
Parameter of non-linearity crrn[1]  calculated at these  values  were  2.74  and 
1.25  respectively.  Figure  2  shows  the variation of f 1  with  I(sa)  at 
50  rnrn  following  transmission  through water,  and also  through liver  only 
(i.e.  a  50  rnrn  slab with  transducer and  hydrophone  adjacent  to the liver 
container bag).  f 1  is referred to the  fundamental  pressure  amplitude at 
1  ern.  In  water  the  pressure gain at  low  intensities of  12  dB  compares 
well  with  the  gain calculated from  geometrical  considerations.  Above 
about  I(sa)  = 0.3  W crn- 2  (crrn~1.0)  the  gain decreases,  losing about  4  dB 
by  I(sa)  = 19  W crn-2 •  At  low  intensities,  measurements  through  liver 
show  a  very slight gain  (i.e.  the  focal  gain is  exactly  balanced  by 
attenuation loss at  5  ern).  A slight additional loss was  seen at highest 
intensities,  increasing  the  low  amplitude  loss  by  about  0.5  dB.  The 
measured  waveform  at  I(sa)  = 19  W crn- 2  is shown  in  Fig.  3  and  the 
variation  of  f 1  and  f 2  following  transmission through  5  ern  liver in Fig. 
4.  Second harmonic  -11.8  dB  re  f 1  is similar to results reported by  us 
elsewhere  for  liver in-vitro using other experimental  arrangements  [7]. 
In  comparison  with  the water results  (Fig.  1)  it is notable  that  the 
deviation  from  linearity over this intensity range  for  liver is slight. 
The  variation  of fundamental  with intensity was  also  investigated 
with the hydrophone  located at  10  ern  range,  and with  a  liver slab  about 
2.0  ern  thick interposed.  Results  are  shown  in Fig.  5.  The  additional 
non-linear loss in water reaches  6.4  dB  at maximum  intensity,  and showed 
no  plateau at  the  low  amplitude  end of the  range  of intensities used  in 
this  study.  When  the  liver was  placed immediately  adjacent  to  the 
hydrophone  (b)  the  variation  of loss with intensity  was  similar  in 
character to that in water alone,  with  a  slightly reduced loss increment 
(5.7 dB).  Locating  the  sample at 5.0  em  (a)  gave  a  variation which  was 
similar in form  to  that seen in water at 5.0  em  (Fig.  2). 
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The  results  from  this  particular set  of  experiments  serve  to 
illustrate  the non-linearly generated losses which  may  occur during  the 
propagation  of  ultrasound  during  attenuation  measurements.  The 
particular  experimental  arrangements  used are  sufficiently  similar  to 
commonly  used  arrangements  to  enable useful  comparisons  to  be  made. 
Intensities  and  pressures in the  range  used are exactly comparable  with 
those  generated  by medical  diagnostic  equipment  [4]  and  thus  probably 
match  well  those  used  for attenuation measurements.  The  commonly-used 
broad-band  pulse  technique for attenuation  measurement  is  especially 
likely to use  high pressure amplitudes;  the  resulting losses  and spectral 
alterations  due  to  non-linear propagation in this  case  will  be  more 
difficult to quantify than in the  monochromatic  case  considered here. 
The  finite-amplitude  loss  in  water  increases  with  distance, 
suggesting  that  experimental  design  should limit the water path  to  a 
minimum.  Focusing  of the  beam  serves  to enhance  the  loss for  a  given 
source  intensity  (see  [6,  Fig.  8]  for  comparable  4  MHz  plane  wave 
values).  Though  not  illustrated  here  the  discontinuity  length  d 
(distance  for  shock  formation with a  = 1)  decreases  with  increasing 
frequency,  and  thus  non-linear  losses  occur  sooner  in  the  higher 
frequency  beams.  Liver,  having  a  higher  low-amplitude  attenuation 
coefficient  than water,  has  a  larger d  for otherwise  similar conditions. 
Pressure  amplitudes  do  not  reach levels  comparable  with  those  reached in 
'loss-less'  liquids  such as water,  and  thus  comparable  non-linear losses 
in liver are  smaller. 
The  situation  where  water-paths  occur both between  the  source  and 
sample,  and  between  the  sample  and  detector is more  complicated.  Non-
linear  loss  may  occur in the first water space.  Further loss  in  the 
tissue  sample  will result in the  emerging  wave  being  of lower  amplitude 
than  in the absence  of the  tissue,  so decreasing  the non-linear loss in 
the  second water  space.  It cannot  be  assumed  therefore  that  a  reference 
measurement  made  through water alone is valid even in the  presence  of 
non-linear  losses,  and  every  effort  must  be  made  to  minimise  the 
circumstances  where  such losses  may  occur.  The  fact  that harmonics  in 
the  wave  incident  on  the  tissue will be  attenuated to  a  greater  extent 
than  the  fundamental  is not relevant  since  this energy has  already  been 
lost  from  the  fundamental.  The  enhanced absorption noted by  Goss  and Fry 
[5]  in  tissue  was  attributed  specifically  to  the  attenuation  of 
harmonics. 
These  obervations  highlight  a  particular problem  in  attenuation 
measurements  using  finite-amplitude  beams.  Non-linear effects  in  the 
water  paths  will  cause  losses which  should be  assessed,  and  may  be 
difficult to quantify.  The  compromise  chosen  in any  experimental design 
(including  concerns  for resolution,  diffraction,  S/N etc.)  should include 
a  recognition  of this problem.  Non-linear  loss will be  minimised  by 
reducing  water path length,  source  amplitude,  and  focal gain.  Single 
frequency  (tone-burst)  methods  are  preferred  to  broad-band  pulse 
techniques.  In  general  it  is  important  to  measure  the  pressure 
amplitudes  and  waveforms  used in order to  assess  the  importance  of 
- 143  -finite-amplitude effects in any particular experimental design. 
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We  present  a  theoretical  study  of  the  effect  of  attenuation  in 
doppler  measurement.  Specifically,  we  study  the  effect  on  the 
signal-to-noise  ratio  when  one  uses  a  demodulating  signal  which 
takes  into  account  the  attenuation  of  the  intervening  tissue.  We 
show  that  if we  assume  a  gaussian  spectrum,  there  is  a  closed  form 
expression  for  the  improvement  in  the  SNR  as  compared  with  the 
conventional  doppler  processing  where  the  demodulating  signal  has 
the  same  frequency  as  that  of  the  transmitted  signal  and  does  not 
take  into account  the effect of attenuation.  On  the other hand,  for 
a  non-gaussian  spectrum,  no  closed  form  expression  has  yet  been 
obtained  and  a  correcting  factor  is  obtained  by  evaluating  the 
integrals  involved with the  computer. 
Key  Words  :  Attenuation,  Doppler measurement,  Signal-to-noise ratio 
I.  INTRODUCTION 
The  effect  of  attenuation  due  to tissue  can  cause  error  in  the 
estimation  of  the  centroid  of  a  spectrum.  This  is  particularly 
relevant  in  doppler  measurement.  In  this  paper  we  report  some 
theoretical  as  well  as  computer  simulation  work  that  we  have  done. 
The  main  purpose  of  this  paper  is  to  show  that  if  one  uses  a 
modified  demodulating  signal  by  taking  into  account  the  effect  of 
attenuation,  there  is  a  substantial  improvement  in  the 
signal-to-noise  ratio  over  the  conventional  case  where  the 
demodulating  signal  has  the  same  frequency  as  that  of  the 
transmitting  signal. 
The  assumption  that  the  transmitted  signal  has  a  gaussian 
spectrum  is  often  used  in  the  study  of  attenuation  [1].  We  show 
that  a  closed  form  expression  can  be  obtained  for  the  improvement 
in the  signal-to-noise ratio.  A  computer  simulation is performed to 
test  this  theoretical  prediction  and  we  find  that  the  simulation 
results  agree  quite well  with the theoretical prediction. 
If  the  signal  does  not  possess  a  gaussian  spectrum,  the 
discrepancy  between  the  simulation  and  the  previous  theory  is 
great.  However,  we  were  unable to evaluate the theoretical case  for 
•  145  . a  non-gaussian  spectrum  in  closed  form.  If  we  evaluate  the 
integrals  involved  with  the  computer,  we  can  obtain  a  correcting 
factor  which  improves  the  agreement  between  the previous  theory  and 
simulation. 
In  section  II,  we  describe  briefly  the  relevant  results  on 
attenuation  which  are  already  well  known  in  the  literature  on 
tissue  characterization.  We  also  describe  the  definition used  for 
signal-to-noise  ratio  {SNR)  in  this  paper.  In  section  III,  we 
describe  the  simulation  and  the  several  assumptions  used  in  the 
simulation.  The  results  are  presented  in  section  IV  and  the 
conclusion is presented in section V. 
II.  THEORY 
To  simplify  the  theory,  we  first  make  the  assumption  that  the 
spectrum  of  the  transmitted  signal  is  gaussian,  and  the 
attenuation  of  the  tissue  is  linear  in  frequency.  With  these  two 
assumptions,  the  effect  of  the  attenuation  is  simply  a  down  shift 
in the  spectrum without  change  in the  shape[l].  In other  words,  the 
spectrum  after  attenuation  is  again  gaussian  with  the  same 
variance.  The  amount  by  which  the  spectrum  is  down  shifted  can  be 
evaluated  easily  and  is  given  here  as  Eq. {1).  In  conventional 
doppler processing,  this  down  shift in the  centroid of the  spectrum 
of  the  returned  echo  is  not  taken  into  account,  and  the  same 
transmitted  frequency  is  used  in  the  demodulator.  We  wish  to  find 
out  what  improvement  can  be  made  in  the  SNR  if  one  uses  a 
demodulating signal which  has  a  similarly down-shifted centroid. 
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The  signal-to-noise  ratio  {SNR)  is defined as  the  ratio between 
the  energy  of  the  doppler  output  when  there  is  only  signal  at  the 
input  and the  energy of the  doppler  output  when  only  white  gaussian 
noise  is  applied  to  the  input  of  the  demodulator.  We  use  SNRl  to 
denote  the  SNR  when  the  demodulating  signal  is  the  same  as  the 
transmitted  signal  as  in  conventional  doppler  processing.  We  use 
SNR2  to  denote  the  SNR  when  the  demodulating  signal  is  modified 
according to the  attenuation of the  intervening tissue between  the 
transducer  and  the  moving  scatterer.  SNR1/SNR2  is  the  parameter  of 
interest  in this present  study. 
In  the  appendix,  we  derive  the  theoretical  improvement  in terms 
of the  ratio of  the  two  SNR's  as  defined earlier.  We  find  that  the 
deterioration  of  SNRl  with  respect  to  SNR2  is  a  function  of  the 
- 146  -depth.  This  is to be  expected  since the  amount  of the  centroid down 
shift  is  proportional  to  the  depth  traversed  by  the  signal.  The 
closed  form  expression  is  simply  that  of  a  gaussian  function  with 
the  centroid  down  shift  as  the  independent  variable  and  with  a 
variance proportional to the variance  of the  gaussian  spectrum. 
III.  SIMULATION 
To  simulate  doppler  effect  in  a  computer,  we  find  that  we  need 
to approximate  the  real situation  somewhat.  For  example,  to be  able 
to  accomodate  a  spectral  shift  in  the  order  of  2  KHz  but  a  centre 
frequency  of  5  MHz,  one  needs  at  least  5000  points  with  Nyquist 
sampling.  We  have  approximated  the  situation  with  the  assumption 
that  the  magnitude  spectrum  from  pulse  to  pulse  is  basically  the 
same  and  the  doppler  effect  is  only  in  the  change  of  phase  from 
pulse  to  pulse.  This  assumption  is  found  to  be  good  for  low 
velocity doppler.  In the  time  domain,  this assumption  is equivalent 
to  the  assumption  that  the  return  echo  has  the  same  shape  from 
pulse  to pulse but  the  repetition period is  shortened  by  an  amount 
related to the  scatterer velocity. 
In  the  computer  simulations  we  have  performed,  the  centre 
frequency  is  assumed  to  be  5  MHz  and  the  sampling  frequency  is  25 
MHz;  the  frequency  dependence  of  the  attenuation  is  assumed  to  be 
linear  and  the  magnitude  of  the  attenuation  is  assumed  to  be 
ldB/cm/MHz.  The  pulse  duration  is  lJ.ls  and  the  pulse  repetition 
period  is  lOJ.ls.  The  depth  varies  from  0  to  15  em  and  the  two  way 
travel distance is used as  the  indepedent  variable  for  the  ratio of 
the  two  SNR's.  The  range  ambiguity  is  not  a  problem  since  in this 
simulation,  there  is  only  one  scatterer  whose  position  is  known  a 
priori. 
For the  case of  SNRl,  we  use  a  demodulating  signal  which  has  the 
same  frequency  as  the  transmitted  signal  but  without  applying 
attenuation  to  the  spectrum.  For  the  case  of  SNR2,  the  same 
attenuation  filter  is  applied  to  both  the  transmitted  and 
demodulating  signals.  When  the  assumption  of  gaussian  spectrum  is 
made,  we  use  6cr  as  the effective pulse duration where  cr  here  is the 
variance  of  the  gaussian  envelope.  When  the  assumption  of  gaussian 
spectrum is not  made,  we  have  gated  sinusoids  that  are  filtered by 
the  transducer  in  both  transmission  and  reception.  The  transducer 
transfer function  is assumed to be  gaussian.  In all the  simulation, 
the  filtering  is  done  on  the  power  spectrum  and  the  phase  of  the 
filter,  be  it that  of  transducer  or  attenuation,  is  assumed  to  be 
zero. 
As  mentioned  earlier,  the  doppler  effect  is  simulated  by  the 
phase  change  from  pulse  to  pulse,  hence,  the  two  way  attenuation 
effect  on  the  spectrum  is  simulated  independent  of  the  doppler 
effect.  The  doppler  effect  is  then  simulated  in  the  time  domain 
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Fig.  1.  Comparison  between  theoretical  and  simulation  results. 
Gaussian  spectrum  is  assumed.  Solid  line  is  used  for 
the  simulation results  and dotted line with marker  x  is 
used for  the theoretical results.  Variance  is 0.6  MHz. 
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Fig.  2.  Comparison  between  theoretical  and  simulation  results. 
Non-gaussian  spectrum  is  assumed.  Solid  line  for  the 
simulation  results  and  dotted  line  with  marker  x  for 
the  theoretical  results.  Dotted  line  with  marker  o  is 
used  for  the  corrected theoretical results.  Variance  is 
0.6 MHz. 
- 148  -after  the  spectrum  has  been  appropriately  modified  by  the 
transducer  and/or  the  attenuation  filter.  After  demodulation,  an 
integrator  is  simulated  which  removes  the  sum  frequency  in  the 
doppler  signal  and  the  output  is  then  the  desired  doppler  signal 
whose  centroid can then be  estimated. 
IV.  RESULTS 
In  figure  1,  we  have  the  SNR1/SNR2  plotted  as  a  function  of 
depth.  The  continuous  curve  represents  the  results  from  simulation 
while  the  dotted  curve  with  marker  x  represents  the  theoretical 
results.  It  is  apparent  that  the  agreement  is  good  when  we  have 
gaussian  spectrum.  If  the  same  theoretical  result  is  used  to 
predict  the  simulation  using  signal  with  non-gaussian  spectrum, 
the discrepancy is significant.  To  account  for  the  discrepancy,  one 
needs  an  expression  for  the  parameter  SNR1/SNR2  as  a  function  of 
depth  for  the  case  of non-gaussian  spectrum.  Unfortunately,  we  have 
not  been  able  to  find  a  closed  form  expression  for  the  case  of 
non-gaussian  spectrum.  Nevertheless,  if one  evaluate  the  integrals 
involved  with  the  computer,  one  can  obtain  a  correcting  factor 
which  improves  the  agreement  greatly. 
In  figure  2  and  3,  we  show  the  simulation  results  in  solid 
curve,  the  theoretical  results  using  gaussian  spectrum  in  dotted 
curve with marker  x  and the  corrected theoretical results  in dotted 
curve  with  marker  o.  In  figure  2,  the  variance  of  the  transducer 
gaussian  transfer  function  is  1  MHz  and  in  figure  3,  the 
corresponding  value  is  about  0. 6  MHz,  the  same  as  that  of  the 
gaussian  power  spectral density function  used  in figure  1. 
V.  CONCLUSION 
We  can  see there  is still some  discrepancies  between  the  theory 
and  the  simulation.  Here  we  suggest  some  possible  explanations  for 
these  differences  between  the  theory  and  the  simulation.  In  figure 
1,  the  difference  might  be  partially  due  to  the  fact  that  as  the 
spectrum  is  down  shifted,  the  bandwidth  is  really slightly  reduced 
which  in the  time  domain  corresponds  to  a  lengthening of the pulse. 
But  in the  simulation,  this effect  is not  taken  into consideration. 
Also,  the  theoretical derivation  assumes  that the gaussian  function 
exists  on  the  entire  real  line  while  this  is  obviously  impossible 
with  simulation.  In  the  case  of  non-gaussian  spectrum,  the 
situation  is  even  more  complicated  and  the  slight  discrepancy 
between  the  simulation  and  the  corrected theoretical prediction has 
not  been  resolved. 
The  modified  demodulating  signal  which  gives  the  reference  SNR2 
used  in  this  work  may  not  be  a  practical  one  and  we  will  continue 
to  study  the  use  of  other  demodulating  signals  in  terms  of  their 
effect  on  the  SNR. 
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APPENDIX 
Let  s1 (f)  and  S2 (f)  be  the  gaussian  power  spectral  density 
functions  before  and  after  attenuation  respectively.  A(f)  be  the 
transfer function of the attenuation filter.  We  have, 
-2~df 
e  (A-1) 
where  fc  and  cr  are the  centre  frequency  and the  variance of the 
gaussian  spectrum respectively.  ~ is the coefficient of attenuation 
in  neper/cm/MHz  and  d  in  em  is  the  distance  traversed  by  the 
ultrasonic  pulse  in  an  attenuating  medium.  After  some  algebraic 
manipulations,  we  obtain, 
6f  2 
-6f(fc--2)  -(f-fc+l1f) 
where  ~f 
2 
a 
2 
e 
2cr  ~ d. 
(A-2) 
We  see  that  apart  for  a  scaling  factor,  s2 (f)  is  s1 (f)  down 
shifted by  ~f. 
- 151  -The  demodulation  of the  return  echo  by  a  demodulating  signal at 
the  correlator  can  be  viewed  as  the  multiplication  of  the 
respective  spectrum  in  the  frequency  domain.  Using  Parseval 
theorem,  the  energy of the  doppler  output  is therefore the  integral 
of  the  product  of  the  two  power  spectral  density  functions.  The 
same  consideration  applies  to  the  case  of  noise  input  at  the 
correlator.  Hence,  we  have  the  following  expressions  for  the  signal 
energy and the noise  energy as  well  as their ratio. 
+oo 
Signal Energy  I  S2(f)  s,(f)  df 
Noise  Energy  I+-N(f)  S1 (f)  df 
+oo  I  s2 (f)  S1 (f)  df 
SNRl  --
+oo  (A-3)  I  N(f)  S1 (f)  df 
where  N(f)  is the noise power  spectral density function. 
If we  assume  a  white  noise  spectrum,  the  expression  for  the  SNR 
can be greatly simplified. 
e 
SNRl 
~f 
-~f(f --) 
c  2 
2 
0'  40' 
~f 2 
-(f-f +-) 
c  2 
2 
0'  - (~f: 
2 
I+oo 
e  e 
I
+oo 
N  e 
-(f-f J2 
c 
2 
20' 
df 
df 
Similarly,  if  we  use  a  demodulating  signal  that  has  been 
- 152 -attenuated  in  the  same  way  by  the  attenuating  tissue,  we  obtain 
SNR2  as  follows, 
~f 
-~f(f --)  2 
c  2 
f-e 
- (f-fc+~f) 
2  2 
a  a 
e  df 
SNR2 
2 
f-
-(f-fc+~fl 
2 
2a 
N  e  df 
We  see  that  the  ratio  between  the  two  SNR's  is  simply  another 
gaussian  function  if all  the  gaussian  functions  involved  in  the 
integral can be evaluated on  the entire real line. 
SNRl 
SNR2  =  e  (A-4) 
In  the  case  of  non-gaussian  spectrum,  we  have  a  gated  sinusoid 
filtered  by  the  transmitting  transducer  transfer  function,  the 
attenuation  filter  and  then  again  by  the  the  same  transducer 
transfer  function  at  reception.  By  using  the  same  procedure,  we 
arrive at the  following  expression  for  the  ratio  of  the  two  SNR's 
for the  case of non-gaussian  spectrum. 
SNRl 
SNR2  =  e 
-(~f) 2 
2 
sa 
~f 2 
-2(f+-) 
2 
a 
4 
-f2 
f+-sinc2 (fT) e ,/ df 
df 
~f 2 
-(f+-) 
2  +oo 
f  sinc
2 
(fT) e 
2 
a 
f+-sinc4 (fT) e 
~f 2 
-2(f+-) 
2 
a 
2 
where  T  is the pulse duration  and sinc(x)  sin(1tx)/1tx. 
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INTRODUCTION 
Attempts  to  measure  the  acoustic  properties  of  tissues  are 
bedevilled  by  artefacts  associated  with  the  diffractive  nature  of  the 
fields  generated  by  transducers  typical  of  those  used  for  medical 
ultrasound  applications.  Many  techniques  have  hitherto  been  proposed  to 
overcome  these  diffraction  effects,  generally  based  on  computational 
methods  for  diffraction  correction  [1].  Another  alternative  is to perform 
measurements  only  in  the  far  field  of  the  transducers:  on  occasions,  this 
demands  the use of unwieldy  and  cumbersomely  large water tanks. 
In  this  paper  we  describe  a  measurement  technique  which  ensures 
that diffraction artefacts are  minimal  in practice  (and  entirely absent  in 
theory).  The  technique  is based  upon  a  purpose-built  PVDF  hydrophone  [2], 
which has been used for measuring attenuation and its frequency  dependence. 
THEORY 
The  main  points  of  the  theory  are  more  clearly  demonstrated  in  a 
simple  example.  Consider  a  one-dimensional  (1-D)  pulse  p(x,t) 
propagating  linearly  in  an  ideal,  loss  less,  uniform  medium.  This  pulse 
can  be  written  as  a  solution  of  the  1-D  wave  equation  for  example,  such 
that: 
32  p(x,t)  - 1 
ai2  ? 
32  p(x,t) 
§t2 
where:  x 
t 
space coordinate 
time  coordinate 
0 
c  =  (constant)  velocity of sound in that medium. 
(1) 
We  consider  only  the  case  of  a  forward  travelling pulse,  i.e. p(x,t) 
is equal to p(x-ct). 
The  representation of p(x-ct)  in the Fourier domain  can be written as: 
p (x-ct)  1  f  P(w)  ei(wt-kx)  dw 
21T 
(2) 
•  155  -with:  k  =  w/c 
P(w)  =  Fourier Transform  (FT)  of p(x-ct) 
The  1-D  pulse  does  not  change  its  form  or  amplitude  as  it 
propagates,  i.e. it does  not  show diffraction effects. 
A  three-dimensional  (3-D)  pulse  p(x,y,z;t)  [=  p(r,t)]  propagating 
linearly  in  the  same  ideal,  lossless,  uniform  medium  must  satisfy  the  3-D 
wave  equation: 
0  (3) 
The  equivalent  representation  of  p (!., t)  in  the  Fourier  domain  is 
written as: 
1 
(21T)  3 
where:  w =  clkl 
f  i(wt - &·L> 
d
3~  P (~)  e 
=  ck  =  c(k  2  +  k  2  +  k  2)! 
X  y  Z 
k  wave vector associated with the plane wave  component of 
wavelength  A  (=21T/k)  and direction ~, where  k  =  nk 
P(k)  =  P(k  ,k  ,k  ) 
- X  y  Z 
(4) 
Consider  a  hypothetical,  ideal,  infinitely  extended  and  coherently 
detecting  planar  hydrophone,  located  at  x  and  intercepting  this  3-D 
pulse orthogonally to its propagating  (x-)  dfrection.  The  output of  such  a 
device  can be  expressed as: 
(5) 
which can be written as: 
1  f  dy  f  dz  [  f  dk  f  dk  J  dk  P(k  ,k  ,k  ) 
~  x  y  z  xyz 
i(wt - k  x  - k  y  - k  z) 
e  x  o  y  z  ]  (6) 
Using  the  representation  o  (q) 
the variables k  and  k  ,  gives: 
l/21T  J  eipqdp,  and  integrating  over 
y  z 
pdf(xo,t)  1  f  dkx  P(kx,O,O) 
i(wt - k  X  ) 
e  X  0 
.21r 
1  f  dk  F (k)  i(wt - kx  )  e  0  (7) 
2iT 
wliere:  w =  ck 
F(k)  =  P(k,O,O) 
- 156 -Eq. (7)  shows  that  pdf (x  , t)  is  an  equivalent,  "true"  1-D  pulse  with 
Fourier  Transform  F (k) ,  t:ha€  is  invariant  in  shape  and  independent  of 
location  x  ,  thus  being  free  from  diffraction  artefacts.  The  spectrum  of 
the  output
0 (1-D)  pulse  is  identically equal  to  the  values  taken  on  by  the 
three-dimensional pulse spectrum,  along a  line oriented in Fourier space in 
the  same  direction as the orthogonal to the hydrophone plane  [see eqn.(7)]. 
The  validity of this  statement  depends  only  on  the  ability to  express  the 
original field as  a  superposition  of  travelling  plane  waves,  and  does  not 
require  the  field  itself  to  have  planar  wavefronts.  For  example,  even  a 
spherically  converging  wavefront,  as  in  a  focused  field,  can  be  expressed 
as  a  superposition of plane waves,  and,  even  in this case,  the large planar 
hydrophone  will  give  a  distance  invariant  output  as  it moves  through  the 
focus,  as  experimentally  confirmed  below.  For  practical  applications,  we 
can  mimic  the  effect  of  the  ideal  infinite  receiver  by  using  a  planar 
hydrophone  that  is  sufficiently  large  to  intercept  the  bulk  of  the 
ultrasound field. 
To  emphasise  the  relative  insensitivity of this measurement  technique 
to diffraction artefacts, we  show  in Figure  1  the output of a  receiver  from 
stretched  llO~m  PVDF  film,  with  a  circular  active  surface  of  75  rnrn 
diameter,  that  approximates  to  the  large,  planar,  coherent  receiver 
required  by  our  technique.  Compare  these  results  with  those  obtained 
with  a  point  hydrophone  (Fig.  2),  at  the  same  three  different  (axial) 
locations  in  the  pulsed  ultrasound  field  generated  by  a  2.  25  MHz,  19  nnn 
diameter,  focused  transducer.  The  purpose-built  hydrophone  gives  a 
remarkably  invariant  pulse  (in  shape  and  in  amplitude),  even  through  the 
focal  region,  as  predicted  by  the  theory,  which  is  valid  for  any  input 
field. 
ATTENUATION  MEASUREMENTS 
In  order  to  further  verify  the  theoretical  predictions,  we  carried 
out  a  series  of  measurements  of  the  frequency  dependence  of  attenuation, 
using the purpose-built PVDF  hydrophone. 
A  substitution  method  was  used  to  estimate  the  transmission  loss  of 
castor oil and glycerine  samples relative to water,  using a  19  mrn  diameter, 
3.  5  MHz  (nominal),  focused  transducer  as  a  transmitter,  and  the  PVDF 
hydrophone  as  a  receiver.  For  comparison,  we  carried out the  same  series of 
measurements  using  a  6  nnn  diameter,  5 • 0  MHZ,  focused  transducer,  and  a 
point hydrophone  as  receivers. 
The  experimental  set-up  is  shown  in  Figure  3.  Measurements  were 
performed  in  the  1  to  5  MHz  frequency  range,  using  sinusoidal  tone-bursts 
of  at least  20  cycles  in duration.  The  transmitter was  fixed  and  both  the 
sample  and  the  receiver  could  be  translated  axially.  Experiments  were 
performed  in  the  following  configurations:  (1)  sample  at  3cm  and  receiver 
at  9cm  from  the  transmitter;  (2)  sample  at  Gem  and  receiver  at  19crn  from 
transmitter. 
Figure  4  shows  the  variation of  the  transmission  loss  for  castor oil 
and glycerine samples,  as measured with the conventional,  6  rnrn  diameter 
- 157  -Fig.l.  Output  from the purpose-built 
PVDF  hydrophone  at  three 
different locations  (on-axis) 
of  the  pulsed  ultrasound 
field generated  by  a  19  mm 
diameter,  2.25  MHz  (nominal), 
focused  transducer.  Amplitude 
and  time  scales have  not been 
altered  for  any  of  these 
waveforms.  Top:  at 4  em  from 
transmitter  (before  focus); 
centre:  at  9  em  from  the 
transmitter  (nominal  focus); 
bottom:  at  14  em  from the 
transmitter  (beyond  focus) • 
Fig.2.  Output  from  a  point hydro-
phone  at the  same  locations 
and  in  the  same  field  as 
explained  in  Figure  1.  As 
before,  time  and  amplitude 
scales have  not  been altered 
for  any of  these waveforms, 
although the  overall gain is 
smaller  than  that used  for 
the  PVDF  hydrophone ,  to 
compensate  for  the  higher 
sensitivity  of  the  point 
hydrophone. 
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TRANSMITTER  SAMPLE  RECEIVER 
Fig.3.  Schematic  experimental 
arrangement for measuring 
frequency  dependence  of 
attenuation. 
focused  receiver.  The  erratic  and  unexpected  frequency  dependence  shows 
clear  evidence  of  diffraction  artefacts.  Unnacceptably  low  and  even 
negative,  transmission  loss  values  are  obtained  around  4  MHz.  Clearly  not 
much  credibility can be  attached to  such measurements,  as  they  are totally 
swamped by diffraction effects. 
Another  possibility  is  to  use  a  "point"  (0.3  mm  diameter)  receiver, 
which  clearly  removes  the  problems  associated  with  possible 
phase-cancelation  effects.  Results  for  the  same  samples,  as  in  Figure  4, 
are  shown  in Figure 5.  Clearly,  a  much  more  acceptable  frequency  dependence 
of  the  transmission  loss  is obtained.  However,  there  are  quite  significant 
differences  between  the  results  obtained  in  the  two  experimental 
configurations.  Moreover,  occasionally,  zero,  or  negative,  transmission 
losses  can  still be  obtained.  We  conclude  that  diffraction  artefacts  are 
still present.  For each  sample,  we  have  attempted to  indicate the best fit 
(by  eye)  to all the  data by  a  simple  curve.  Given  the differences obtained 
in the  two experimental configurations, it is questionable whether too much 
significance  should  be  attached  to  such  an  interpolation.  However,  the 
scatter about the  smooth curve may be  interpreted as giving  some  indication 
of the severity of the diffraction effects. 
Results obtained with the  PVDF  "diffraction-free" hydrophone  are  shown 
in  Figure  6.  For  both  samples,  there  is  a  quite  good  overlap  between 
measurements  obtained  in  the  two  different  configurations.  A  simple  curve 
can,  quite  readily,  be  fitted  to  the  pooled  data  in  each  case.  No 
unexpected  frequency  dependence  emerges,  and  no  unacceptable  zero  or 
negative transmission losses are seen. 
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Fig.4.  Frequency dependence of  the  transmission  loss of  castor  oil and 
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receiver at 9  em  from transmitter;  position 2  sample  at 6  em  and 
receiver at 19  em  from transmitter. 
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Fig.6.  Frequency  dependence  of the  transmission loss of  castor  oil and 
glycerine samples,  relative to that of an identical water sample,  as 
measured  with  the  purpose-built  PVDF  hydrophone  for  the  same 
positions as for Figure 4. 
As  opposed  to  the  demands  of measuring  with  conventional  transducers, 
our  technique  did  not  present  setting-up  difficulties,  as  the  relative 
locations  of  the  transmitter,  sample  and  receiver  did  not  significantly 
affect the  results.  Measurements  may  be  carried out  in the  near or the  far 
field,  with  focused  or  unfocused  transmitters,  as  the  circumstances 
dictate. 
CONCLUSION 
We  have presented provisional measurements of the  transmission loss of 
castor oil and glycerine  samples,  relative to that of a  water sample,  using 
the  substitution  method  with  a  purpose-built  PVDF  hydrophone  as  receiver. 
We  have  compared the results against those obtained with a  point hydrophone 
and  with  a  conventional  medical  ultrasound  (focused)  transducer  as 
receivers.  Our measurements  show  that our purpose-built hydrophone  assesses 
attenuation  with  minimal  diffraction  artefacts,  and  its  use  avoids  the 
great care  needed  in setting-up the  experimental  configurations  when  using 
conventional  transducers.  There  is also  no  need  to perform measurements  in 
the  far field. 
We  have  attempted here  only  to  illustrate the  feasibility  and  ease of 
application  of  our  technique,  and  have  not  therefore  attempted  to  provide 
absolute  attenuation  values.  A  much  more  careful  and  dedicated  programme 
towards that end is now  under way. 
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Abstract 
A  system  to  reconstruct  frequency-images  was  developed  re-
presenting  the  mean  frequency  of  the  backscattered  power 
spectrum.  These  images  can  improve  tissue  characterization 
as  examplified  by  mamma  tissue.  To  use  the  information  of 
both,  B- and  frequency-images,  we  implemented  an  image  com-
bination  system  computing  parameters  from  each  image.  These 
parameters  are  comprehended  in  one  vector  which  is  classified 
by  a  linear  algorithm. 
Keywords 
frequency  image,  attenuation  coefficient,  characteristic 
frequency,  pattern  recognition,  image  combination. 
Introduction 
Nowadays  a  physician  examining  patients  by  ultrasonics  makes 
use  of  the  B-image  technique.  B-images  contain  the  local  distribu-
tion  of  the  reflected  and  backscattered  energy.  Because  local 
structures,  representing  information  about  shape  and  expansion 
of  ill tissues,  are  very  important  for  the  diagnosis,  ultra-
sonography  was  more  and  more  applicated  during  the  last  years. 
Nevertheless  in  many  cases  a  tissue characterization is  not 
possible  by  ultrasonics.  The  reason  is  that  frequency- and 
scatterinformation  describing  the  structure  of  tissues  are 
neglected  in  B-images.  Additional  parameters  like  the  attenuation 
coefficient  have  been  computed  by  several  groups  from  the 
RF-signal,  but  so  far  a  reconstruction  of  the  local  information 
is  not  usual. 
Because  both,  tissue  characterizing  parameters  and  their local 
representation  in  an  image,  are  helpful  solving  questions  of 
- 163 -tissue  characterization,  we  developed  a  method  to  reconstruct 
frequency  images  from  in-vitro measurements.  These  images  then 
can  be  used  to  compute  additional  parameters  like  the  attenuation 
coefficient. 
Reconstruction  of  frequency  images 
The  principles  of  our  measurement  equipment  can  be  seen  in 
fig.l.  A tissue  probe  placed  in  the  middle  of  a  cylindric  water 
tank  can  be  displaced  perpendicular  to  the  incident  sound  impulse, 
which  is  emitted  from  a  piezoceramic  transducer  fixed  at  one 
side  of  the  water  tank.  A center  frequency  of  2.4  MHz  and  a 
bandwidth  of  0.9  MHz  resulted  from  a  Measurement  with  a  point 
reflector.  The  received  signal  is digitized  by  a  Biomation 
8100  A/D  converter  with  a  sample  frequency  of  20  MHz  and  stored 
in  a  PDP  11/34  computer.  Displacing  the  tissue  probe  in  steps 
of  1  mm  the  backscattered  signal  can  be  measured  in  various 
lines  of  the  tissue. 
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fig.l:  Measurement  equipment  for  the  reconstruction 
of  frequency- and  scatter-images 
The  sampled  RF-signals,  the  displacement  intervals  and  the 
time  of  flight  are  used  for  reconstructing  B- and  frequency-images. 
B-images  are  computed  from  the  demodulated  data,  whereas  the 
center  frequency  of  the  frequency  power  spectrum  is  represented 
in  frequency  images.  The  Fourier  Transformation  is  computed 
from  a  window  of  100  sample  points  and  a  displacement  width 
of  21  sample  points  which  corresponds  to  0,77  mm  depth  in  tissue, 
- 164  -if the  sample  interval  is 0,05  ~m and  the  sound  velocity  1470m/sec. 
The  disproportion  of  the  displacement  intervals  in  lateral 
(lmm)  and  axial  (0,77mm)  direction  can  be  corrected  expanding 
the  F-image  lateral  by  a  factor  of  three  and  axial  by  a  factor 
of  four.  The  demodulated  datas  are  comprehended  by  a  factor 
of  seven  to  get  a  depth  interval  of  0,26  mm.  A  post  processing 
with  a  median  filter is  added  to  this  procedure. 
The  reconstruction  of  scattering  images  is  also  possible  with 
our  measurement  equipment.  For  that  purpose  the  scatter,ed  waves 
are  measured  by  a  second  transducer  - in  general  we  use  a  laser 
receiver  - and  analyzed  for  the  number  of  maxima  per  100  degree 
scatter  angle.  This  parameter  is  shown  in  scattering  images, 
which,  representing  the  angle  dependence  of  the  scattered signal, 
contain  information  about  the  mean  scatterer  distance. 
Fig.2  shows  a  part  of  a  8-image  of  mamma  tissue  reconstructed 
with  our  measurement  equipment.  The  pattern  can  be  divided 
in  two  low  amplitude  zones  and  one  of  high  amplitude,  but  there 
was  no  correlation  of  these  patterns  with  the  histological 
structure. 
fig.2:  8-image  of  mamma  tissue  with 
a  carcinoma 
- 165  -
fig.3:  Frequency  image  of  mamma 
tissue  with  a  carcinoma On  the  contrary  one  can  see  in the  frequency  image  (fig.3) 
of  the  same  tissue  probe  a  homogeneous  pattern  except  an  area 
of  lower  frequency  on  the  right  side.  The  histological  findings 
confirmed  that  this  zone  corresponded  to  a  carcinoma.  Therefore 
in  this  example  the  frequency  image  renders  a  better  tissue 
characterization  possible  than  the  8-image. 
It  is  also  possible  to  compute  quantitative  parameters  from 
a  Region-of-Interest  of  an  frequency  image.  The  attenuation 
coefficient  is  estimated  by  the  frequency  shift  method.  After 
correcting  B- and  frequency  images  for  attenuation  by  this 
coefficient,  the  mean  value  of  the  center  frequency  in this 
region  is  computed  named  ''characteristic  frequency". 
The  two  parameters  of  frequency  images  from  uterus  tissue  allow 
a  good  decision  between  normal  uterus,  uterus  myoma  and  -sarcoma. 
The  myoma  has  a  lower  characteristic  frequency  than  normal 
uterus  while  sarcoma  can  be  distinguished  from  those  two  groups 
by  it's lower  attenuation  coefficient. 
Combined  evaluation  of  B- and  frequency  images 
In spite  of  the  advantages  of  frequency  images  and  the  parameters 
computed  from,  we  do  not  expect  that  frequency  images  will 
resplace  8-images.  Both  types  of  images  contain  information 
for  tissue characterization  which  is  supplementary  to  each 
other.  Therefore  a  diagnosis  should  be  done  by  a  combined  evalu-
ation  based  an  amplitude  and  spectral data. 
The  system  is similar  to  that  we  used  to  evaluate  601  in-vivo 
B-images  of  the  prostate.  We  got  a  detection  rate  of  90%  with 
the  pattern  recognition  system  differentiating  carcinoma  from 
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correctly.  The  histological  finding  ~as  used  as  reference  in 
all cases.  Similar  good  results  we  got  by  pattern  recognition 
used  for  images  of  the  thyroid. 
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fig.4:  Image  combination  system 
pattern  recognition 
The  principles  of  image  combination  system  are  demonstrated 
in  fig.4:  First,  8-,  frequency- and,  if necessary,  scattering 
images  are  computed.  Preprocessing  includes  improving  the signal-
to-noise-ratio  and  marking  off  the  Region-of-Interest  (ROI). 
Feature  extraction  means  computing  the  attenuation coefficient 
and  the  characteristic  frequency  from  frequency  image.  Also 
first  and  second  order statistical  parameters  are  extracted 
from  the  ROI  of  the  8-image  and  from  the  scattering  image. 
In  a  last step  the  parameters  of  all  image  types  are  comprehended 
in  a  parameter  vector  which  is classified  by  a  linear classifier. 
We  use  a  geometric  algorithm  which  can  be  adapted  on  various 
decision  problems  and  ~hich is  independent  of  the statistical 
distribution  of  the  features. 
So  far  we  used  this  method  to  combine  8- and  frequency-images 
of  uterus.  For  that  the  physician  markes  off  ROI's  in  the  8-image. 
Then  parameters  from  these  ROI's  of  the  8-image  and  from  the 
equivalent  areas  of  the  frequency  image  are  computed.  The  classi-
fication  result  can  be  visualized  in  the  8-images  characterizing 
the  decision  classes  in  different  colours. 
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Histograms  of  ultrasonic  echo  amplitude  from  canine  myocardium 
have  been  evaluated with respect to variations during the first 10 
cardiac  cycles  after coronary  artery occlusion.  It has  been  found 
that  a  high amplitude tail appears  almost  immediately after  liga-
tion.  The  ratio between the mean  and  the standard deviation of the 
amplitude distribution was  slightly reduced during this period but 
showed  a  tendency  to  recover  around  the  lOth  cycle  after 
occlusion. 
Key  words:  Acute  ischemia;  Amplitude  statistics;  Tissue  characterization; 
Ultrasonics 
Introduction 
It has  been  proposed  to  utilize  the  deviation  of  the first  order  ul-
trasonic  echo  statistics  from  a  Rayleigh  distribution  as  a  parameter  for 
tissue characterization  [1].  This  modality offers  itself to  cardiac  appli-
cations  because  relatively  small  areas  of  interest  are  sufficient  for  in-
vestigation  and  because  it is  insensitive  to  filtering  by  the  intervening 
chest  wall.  The  method  has  been  successfully  applied  to  differentiate  an 
intracardiac thrombus  from  an  artefact  in  humans[2]  and  was  refined  [3]  to 
a  degree  that allowed  the detection of early  ischemia  in  canine models  [4]. 
However,  a  sound  basis  of understanding  the relation  between the biological 
tissue state and  the  measured  parameters  has not  been established yet.  This 
is in  contrast to  second order statistics, which  are related more  easily to 
biological parameters  [5].  An  interesting  argument  has  been  brought  up  re-
cently  [ 6]  suggesting  that  temporal  decorrelation  of  spatially  coherent 
structures  may  be  responsible  for  some  of  the effects  observed  in  the  in-
farction model. 
The  present  study addresses  the  question  whether  the  histogram  of  the 
echo  amplitude  changes  within the first ten  cardiac  cycles after coronary 
artery occlusion. 
Theoretical Background 
The  underlying  theoretical  model  is  to  a  large  extent  borrowed  from 
laser  speckle  studies.  In  the  classical  statistics of  speckle  the results 
obtained in connection with  the extensively studied random  walk problem are 
applied  to  the  summation  of  the  randomly  phased  contributions  of  a  large 
number  of scatterers  [7]. 
- 171  -According  to  this theory  the  amplitude  of  the  resulting  sum  follows  a 
Rayleigh distribution under the following  assumptions: 
1)  The  amplitudes  of  the  individual  scattered  waves  must  be  indepen-
dent  of  each  other  and  of  their  phases.  (Thus,  the  ultrasonic  attenuation 
must  be  compensated well  enough  to  make  depth  dependence negligible within 
a  range of one wavelength.) 
2)  The  phases  of  the  individual  contributions  must  be  equally  dis-
tributed within  an  interval  of  a  length of  2  pi.  (Random  allocation of  the 
scatterers in a  total depth range of several wavelengths) 
3)  The  number  of scatterers per  sampling volume  must  be  large  and  must 
not  fluctuate  from  one  scattering  volume  to  another  within  the  region  of 
interest.  (Homogeneous  regions of  interest should  be  interrogated with suf-
ficiently large sample volumes  of spatially invariant dimensions.) 
In  the  case  of  pulsed  echography  the  classical  theory  applies  to  the 
individual  frequency  components  and  their  respective  sample  volumes.  The 
resulting amplitude  at a  given  location  can  be  found  by  adding  the  respec-
tive  sum  phasors  of  all  spectral  components.  If  each  of  these  phasors  is 
Rayleigh  distributed  the  resulting  amplitude  does  show  these  characteris-
tics as well.  An  analogous result  can  be  applied to scatterers grouped  into 
subsets  exhibiting  Rayleigh  statistics  each.  Other  deviations  from  the 
ideal  assumptions  mentioned  above  are difficult  to  take  into  account  ana-
lytically in a  general case  [8]. 
For  computational  simplicity  the  ratio  between  mean  and  standard 
deviation  (MSR)  was  utilized  in  the  present  study  to  quantify  the 
discrepancy  between  the  measured  echo  amplitude  distribution  and  Rayleigh 
statistics  (MSRRayleigh=l.91  [9]). 
Data Acquisition and  Evaluation 
The  equipment  utilized  for  data  acquisition  and  evaluation  consisted 
of  a  prototype  15  MHz  echography  system,  a  commercial  dual  channel  Digi-
tizer! and  an  IBM  PC  AT  running  a  statistical software package2  (Fig.  1). 
The  piezoelectric  transducer  utilized  was  built  in  house.  Its  active 
element,  a  disc with  a  diameter  of  4  mm,  was  encapsulated  in  a  cylindrical 
block  20  mm  in diameter  and  5  mm  thick.  It was  excited by  bursts consisting 
of  15  periods  of  a  15  MHz  sine  wave.  The  receiver  amplified  the  echo 
linearly without  any  time  gain compensation,  demodulated it orthogonally to 
the  baseband  and  limited  its  bandwith  to  1.5  MHz.  The  pair  of  orthogonal 
signals was  then digitized simultaneously at a  rate of  18  MHz  and  a  resolu-
tion of nine bits each and  subsequently transferred to the computer. 
One  data  set consisted  of  10  consecutive pulse  echoes  obtained  in  in-
tervals  of  20  microseconds.  In  each  tracing  the  computer  calculated  the 
echo  amplitude  from the  two  orthogonal  components  and  extracted a  region of 
interest  150  samples  long  by  selecting  a  depth  range  starting  at  2  and 
ending at 8  mm  from the transducer suriace. 
1  Data  6000  with D630  plug-in digitizer (Analogic,  Danvers,  Ma.) 
2  Statgraphics  (STSC,  Rockville,  Md.) 
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Fig.  1. Data acquisition and evaluation. 
The  Ultrasonic  echography  system operates  in pulsed mode  at 15  MHz. 
It provides  the  lowpass  filtered  (1.5  MHz)  complex  echo  amplitude 
demodulated  into  the baseband.  A commercial waveform Analyzer  (Data 
6000)  is utilized to  linearly digitize each of  two  orthogonal  com-
ponents  of  the  complex  echo  envelope  with  a  rate  of  18  MHz  and  a 
resolution  of  9  bits.  By  means  of  the  statgraph  software  package 
running  on  an  IBM  PC  AT  the  data  are  time  gain  compensated,  gated 
to  select  the  range  of  2  to  8  mm  from  the  transducer,  and  trans-
formed  into an  amplitude values. 
The  apparent  attenuation was  determined  by  summing  up  all the  60  data 
sets  available  and  fitting  a  negative  exponential  to  the  resulting  sum 
(Fig.  2).  It was  compensated for  by multiplying  the individual pulse echoes 
by  the  inverse  of  this  exponential.  From  the  resulting  data  sets  the  his-
tograms  as well as  the corresponding MSRs  were  computed. 
Two  different  open  chested  dogs  were  investigated.  They  were  anesthe-
sized but not paced.  After  the  left anterior  descending  coronary artery was 
prepared  for  ligation  the  transducer  was  sutured  onto  the  epicardium  such 
that  the  center  of  the  ischemic  area  could  be  investigated.  As  the  peri-
cardium  was  kept  as  intact  as  possible,  it helped  keeping  the  transducer 
tightly  in  place.  Data  sets  were  taken  every  second  heart  cycle  in  late 
diastole.  Five  of these  sets correspond  to one  measurement  covering  10  car-
diac cycles. 
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Fig.  2.  Average attenuation used for time gain c<apensation 
The  horizontal coordinate represents depth into the myocardium,  the 
vertical one  the  logarithm of  the  echo  amplitude.  The  dashed  curve 
corresponds  to  the  sum  of all echo  tracings  recorded,  whereas  the 
solid line gives the exponential fit to these data which is the.in-
verse of the time gain function. 
:Fig.  3.  Baseline histograms 
The  figure  depicts  two  baseline  histograms  of  the  echo  amplitude. 
They  were  taken from  cardiac cycles number  -3  (a)  and  -1  (b)  before 
coronary artery occlusion.  Horizontally the echo  amplitude is plot-
ted,  whereas  the  height  of  the  bars  indicates  the  number  of 
occurrences. 
Measurements  were  made  for  baseline  results  before  ligation  and  for 
transient  results  immediately  after  ligation.  To  allow  for  a  second  tran-
sient measurement  the  occlusion  was  removed  in  one  dog  for  a  recovery  pe-
riod of  30  Minutes after the first ischemic period of  30  seconds. 
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In  spite  of  some  beat  to  beat  variations  the  baseline  results  taken 
every  second  heart  cycle  before  ligation  show  a  connnon  overall  pattern 
fairly  close  to  a  Rayleigh  distribution  (Fig.  3).  The  first  cardiac  cycle 
after  coronary  artery  occlusion  still  fits  into  this  pattern  (Fig.  4), 
whereas  cycles  number  3,5  and  9  contain  an  additional  tail of  high  ampli-
tude echoes.  Surprisingly,  cycle  number  7  does  not  match  this general  pat-
tern.  The  MSR  results  computed  from  these distributions  are given  in Figure 
5  together with the MSRs  obtained from  the second dog. 
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Fig.  4.  Histograms  from  the first 10 
cardiac cycles after occlusion 
Panels  a  to  e  correspond  to  car-
diac  cylcles  number  1,3,5,7,  and 
9  respectively.  The  representa-
tion is  the  same  as  in  figure  3. 
As  a  general  trend  ischemia  adds 
higher  amplitudes  but  with  the 
exeption  of  figure  e  the  mode 
value remains at a  level compara-
ble to the baseline value. 
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:Fig.  5.  MSRs  of 3  acute ischem.ias in 2  dogs 
The  horizontal  coordinate  represents  cardiac  cycles  number  1  to  9 
after ligation,  the vertical one the corresponding MSRs  (see text). 
Tracing a  was  obtained  from  dog  number  1  and  tracings  b  and  c  from 
dog  number  2.  In  the  second  dog  the  initial  ischemia  experiment 
yielded curve  b  and  the repetition curve c. 
Discussion 
The  results  presented  are  obviously  preliminary.  Nevertheless,  it  is 
surprising  that  in all  three  cases  of  ischemia  the  MSR  has  a  tendency  to 
drop  instead  of  the  expected  rise.  The  end  of  the  curves  seem  to  indicate 
that  a  longer  period  of  observation  might  have  shown  a  reversal  of  this 
tendency,  though.  The  fact  that cycle  number  seven  after  ischemia  does  not 
match the  characteristic of  its neighbours  may  be  attributed to  a  possible 
arhythmia  because the dog  was  not paced. 
This  study  differs  in  several  respects  from  the  one  reported  in  [4]. 
First,  the ultrasound frequency  has  been  considerably higher  yielding wave-
lengths  on  the  order  of  100  microns,  which  corresponds  to  only  about  ten 
fiber diameters.  This  fact  may  be  responsible for  the higher  MSR  values  ob-
tained  from  the  present  investigation.  Second,  the  pulse  repetition  fre-
quency  has  been  chosen  such  that  an  entire  data  set  was  recorded  within  a 
mere  200  microseconds.  Third,  there are  some  modifications  in data  process-
ing:  a)  The  data  sets  were  not  inspected  individually  in  order  to  set  the 
region  of  interest  for  each  one  of  them.  b)  Time  gain  compensation  was 
realized  digitally  thereby  sacrificing  about  2  of  the  nine  bits  dynamic 
range.  c)  The  analytical magnitude of  the complex  echo  signal was  evaluated 
instead of  its sampled  real  component.  These  differences  hamper  a  detailed 
comparison  and  suggest  that  further  studies  should  include  measurements 
both  immediately  after  ligation  and  during  at  least  the  first  hour  of 
ischemia. 
- 176  -The  small  number  of  observations  makes  it highly  speculative  to  draw 
any  specific  conclusions  other  than  the  one  that Figures  3  and  4  do  show  a 
change  in  the  echo  amplitude  statistics  during  the  first  10  cardiac  cycles 
after  ischemia.  Further  investigations  will  have  to  substantiate  this 
finding  and to clarify which biological process it may  correspond to. 
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ABSTRACT 
Most  studies  achieved  in ultrasonic  tissue characterization are  concer-
ning  the  definition of  bulk parameters  such  as  attenuation or  velocity.  In-
deed,  these  are important  parameters  since  they represent  fundamental  values 
in the  acoustical phenomenon,  but  they  do  not  allow  for  an  early diagnosis, 
which  would  be  very  useful  for  clinicians.  The  present study is an  introduc-
tion  to  tissue  characterization  of  muscular  structures.  Since  we  consider 
the  muscle  mainly  as  a  fibrous  tissue,  we  aim  to  determine  the  fiber  size 
and  the space  between  fibers.  In order  to reach  a  resolution in the  range  of 
micrometers,  it seems  indispensable  to  deconvolve  the  R.F.  signal  so  as  to 
translate the  problem  from  the resolution of  the  probe  frequency  to the  sam-
pling  frequency.  An  acoustical  study allows  comparisons  between  theoretical 
results and  measurement  ones.  The  results obtained on  nylon  threads  are very 
encouraging,  but,  of  course,  we  need  to look  very  cautiously at them,  since 
propagation in tissues is much  more  complex  and  problematical. 
Key  words  :  muscle,  wire,  scattering,  resolution,  deconvolution,  echoe, 
spectrum. 
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Scattering of  ultrasound in  biological  tissues  still remains  one  of  the 
most  important  problems  in  tissue  characterization  since it impacts  on  the 
quality of  ultrasonic imaging  and  on  the  measurement  of  quantitative  parame-
ters. 
Theory  of  scattering is commonly  used  for  the definition of  bulk  charac-
teristics of  the medium,  then,  instead  of  taking  scatterers into  considera-
tion, it is usual  to deal  with a  unit volume  of  scatterers.  As  a  typical ex-
ample,  many  authors  try  to define  backscattering  cross-section  for  measure-
ment  of attenuation. 
Another  study of  interest is  the diffractive  behaviour  of  tissue scatte-
ring achieved  by  Nicholas  [ 1],  where  he  :::how,·d  some  diffraction patterns at 
fixed  frequency  provided  by  the convolution  of  a  pulse with  a  5  ~s  time  ga-
te.  lie  found  some  correlations  between  theory  and  experiments  c:m  models  of 
wires  and  tissues,  but  for  a  spacing  of  the  scatterers  within  the  range  of 
0.5  mm  to 0.2  mm,  while  the  frequency  used  was  1 MHz  ;  hence,  we  have  a  ra-
tio  :  size versus  wave-length,  between  0.1  and  0.3.  Hunter  [2]  and  Koch  [3] 
worked  on  scattering,  using  also sizes neighbouring  the wavelength.  All  the-
se  interesting  works  help  us  define  the  macrostructure  of  tissues  (about  1 
mm  and  greater)  ;  it means  that,  if a  tumour  is big  enough,  it will  then  be 
possible to  detect it.  But,  if  we  have  a  tumour  at its beginning  (microsco-
pic scale),  then  we  will  observe very  small  changes  in the macrostructure of 
tissues,  while  we  will have  important  ones  from  a  microscopic  viewpoint. 
As  a  consequence,  it will  be  very  useful  for  clinicians  to get some  in-
formation on  the microstructure of tissuei,  and  then  to deal  with sizes  much 
more  small  than  the wavelength. 
I.  PROBLEr·1  FORMULATION 
Let  us  consider microscopic  photographs  of  the  myocardium.  In the  normal 
case  the  mean  size  D of  the  fiber  is about  13  ~m ;  we  can  note  important 
I  ' 
changes  from  this  case  in hypertrophic  myocardium,  where  D 
2  40  ~m,  and  1n 
atrophic  myocardium,  D  2  6  ~m.  Hence,  we  can  s~t up  a  kind  of  modelization 
to  define  two  interesting  parameters  which  are  helpful  in  diagnostic,  the 
mean  size of  fibers  and  the mean  space. 
In  this  paper,  we  are  only  dealing  with  the  most  simple  case  of  single 
scattering  and  we  compare  quantitative  information  between  theory and  expe-
riments.  since  it is  not  easy  to  perform  experiments  in  the  range  of  sizes 
encountered in tissues  (6  ~m to  40  ~m),  we  made  a  translation of  the  problem 
in a  numeric  viewpoint,  in order  to keep  the  same  ratio  :  size versus  wave-
length. 
- 180  -Tissues  :  o [6  J,Jm,  40  J,Jm] 
Transducer  :  5  MHZ  A  2  300  J.Jm 
D  10  J.Jm  15  J.Jm  30  J,Jm 
D/'A  1/30  1/20  1/10 
Wires  D  0.1  mm;  D =  0.3  mm  D = 0.5  mm 
Transducer  :  0.5  MHz  A :  3  mm 
D  0.1  mm  0.3  mm  0.5  mm 
0/'A  f/30  1/10  1/6 
We  are,  of  course,  speaking  of  a  wavelength  associated with  the central 
frequency  of  the  transducer. 
II.  SINGLE  SCATTERING  FROM  A WIRE 
Let  us  remember  the  major  points  of the  theory of  scattering from  a  wire 
developed  by  Morse  and  Ingard  (4]. 
Assuming  a  plane  wave  propagating  along  the  x  positive  axis  normal  to 
the  z  axis  of  the  cylinder,  we  can  write  the  classical  expression  of  the 
plane  wave  in rectangular  coordinates  (x,  y,  z)  as  follows  : 
Pi = Poeik(x-ct) 
(1) 
where  k  = 2 ll/'A 
'A  is the wavelength 
c  is the velocity of  sound 
In  terms  of cylindrical coordinates  (r,  e,  z),  we  have 
Pi=  r0eik(r  cos  o - ct}=  Poeikr  cos  Oe-iwt  (2) 
which  can  be  developed  in the series form  : 
/  ( 3) 
where  Jm  is the Bessel  function  of  the first kind  of the nth order, 
and  Em  = 1  m = 0 
Em  =  2  m)  1 
m: o__.m 
As  a  solution  of  the  general  equation  of  wave  propagation,  the outgoing 
scattered wave  is of  the  following  form  : 
[  [Am cos  (m9)  Hm(kr)]  e-iwt 
( 4) 
- 181  -18.1 
Fig.  1.  Spectrum  of  the output  signal  z 
of  the  filter,  with  the spectrum of  the 
input signal x in dashed  lines. 
11.1 
Fig.  2.  Spectrum  of  the deconvolved  si-
gnal  in continuous  line,  with  the real 
spectrum of  the input signal x  in dashed 
line. 
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211.1 
211.1 where  flm(kr)  i~  the  Hankel  function  of  the  first  kind,  Am  bt:ing  a  cocf· 
ficicnt  such  that  the  total radial  velocity  Utr  equal  to  0  at  the  surface 
of  tht~  cylinder 
Utr  ~  Uir + U 5r  =  0 at r  =  a 
"ir = radial  velocity of  the  incident wave 
Usr  =  radial velocity of the scattered  WdVC 
Then 
-J 1  (ka) 
tang  "Yo  tang  "Ym 
N  1  (ka) 
where  Nm  is  the  Neumann  function. 
When  the distance  becomes  much  greater  than  the wavelength,  r  » ~ 
kr  »  1 
The  Hankel  function  tends  to  the  limit form 
11m  (h)-r  eikr  :v Jrk; 
Then,  we  can  write the  scattered outgoing  wave  as  : 
Since  we  are interested in  the  backscattering,  we  have  fixed  : 
a =  rr 
r  = r 0 
a  = a0  as a  parameter, 
We  will  see in  the  following  that,  in order to obtain noticeable changes 
in  the  curve  wi lh  different  diameters,  we  have  to  go  far  outside  the 
bandwidth  of  the  transducer,  and,  hence,  to apply  a  deconvolution filter. 
III.  DECONVOLUTION  FILTER 
We  can  modelize  the  sy~tcm by  using  convolution  with  an  additive noise, 
and  so  we  have 
z  = h  •  x  + n  { 7) 
In  matrix  form,  we  can  write 
Z.=HA,+.n 
l  is  the  vector  representing  the  measurement,  H is  the matrix  representing 
the  impulse  response  of  the system  on  a  rigid plane,  n is  the  noise  vector, 
x is the  vector  representing  the reflectivity of  the medium. 
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Fig.3.  Spectrum  of  the  deconvolved  echo 
of  the  0.5  mm  diameter  wire  in continu-
ous  line,  with,  in dashed  line  :  theory 
for 0.44  mm. 
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Fig.4.  Spectrum  of  the  deconvolved  echo 
of  the  0. 3  mm  diameter  wire  in contj nu-
ous  line,  with,  in dashed lines  :  theory 
for 0.34  mm. 
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... We  used  the  minimum  linear variance estimator  [S]  defined as  : 
~  E  ~~ z  t 1  qz  z. t 1 1  -1z  ( 9) 
If  we  make  the  following  assumptions  about  the  statistics of  signal and 
noise  : 
E  I,Kl  =  0 
E  11  = 0 
where  I  is  the identity matrix. 
It means  that  we  have  uncorrelated,  white,  zero-mean  signal aud  noise. 
~en,  __  we  have  : 
( 10) 
and  we  reach  the classical  form 
( 11) 
Simulation  for  deconvolution 
In  order  to  show  the  results  of  deconvolution,  we  have  simulated a  si-
gnal  x  which  is  the  sum  of  three  sinusoids  at  10  MHz,  20  MHz  and  23  MHz. 
Then,  we  apply  this  signal to  a  filter with a  3.75  MHz  impulse  response  of a 
transducer,  with additional  noise,  in order  to obtain the output  signal  z. 
We  can  see in  Figure  1  the  spectrum  of  the  signal  z  in continuous  line, 
with  the  spectrum  of  the  signal  x  superimposed  in dashed  lines.  The  filte-
ring  effect  of  the  transducer  is  so  strong  that it seems  that  there  is  no 
information outside  the bandwidth.  But,  in fact,  we  can  say  that the  modulus 
is much  more  small  outside  than in  the bandwidth  itself,  but it is not  a  ze-
ro  one,  and  then  we  have  information.  Afterwards,  the  major  problem it that 
of  noise,  and  this  is  the  reason  why  the  deconvolution  method  must  bt.!  em· 
played  ver~·  carefully  and  be  optimal.  Until  now,  the  best  estimator  we  had 
is that  of  Eq.  ( 11)  computed  in the  time-domain  and  realized in  a  recursive 
form  to  reduce  the  computation  time.  The  result  of  the  simulation  is  shown 
in Figure  2 where  we  obtain again the  three sinusoids and,  unavoidably,  some 
other  peaks  of  noise. 
IV.  EXPERIMENTS  AND  RESULTS 
we  used  a  0. 5  MHz,  25  rom-diameter,  unfocused  transducer  positioned  at 
80.0  mm  of  the wire. 
we  have  compared  the  spectrum  obtained  after  deconvolution  to  the  nea-
rest theoretical  results  (Eq.  6)  superimposed  in dashed  lines  in  Figures  3, 
4,  5. 
V.  CONCLUSION 
Despite  the  problem  involved  in  the  noise  inherent  in  acquisition  and 
the acoustic  noise  cause~  by  the  presence  of  microbubbles  and  micro-objects 
in water,  we  have  obtained a  rathei  good  agreement  between  theory and  expe-
riments.  It  is  therefore  obvious  that  deconvolution  is  mandatory  when  we 
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1.8 
Fig. 5.  Spectrum  of  the  deconvol  vccl  echo 
of  the 0.1  mm  diameter  wire  in continu-
ous  line,  with  the  theory  for  0.1  mm 
in dashed  lines. 
·--. 
w~nt  to get  interesting  information  on  scattering,  due  to  the  limited band-
width  of  the  transducer. 
Another  important  point  is  the  impulse  response  that  we  used  for 
deconvolution.  The  radiation point  or  line  response,  as  defined  in  [6],  may 
improve  the  result  of  deconvolution,  if,  and  only  if  we  have  exact 
information  on  the  geometry  of  the  medium,  and  if  we  define  a  good 
theoretical  result of scattering. 
In  the  other  case,  it is more  advisable  to  start deconvolution  with  the 
impulse  response  on  a  plane,  since  we  broaden  the spectrum  of  the  echo  with-
out  favor iuy  certain frequencies  with respect to other  otu:!f.. 
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- 186  -A COMPARISON  BETWEEN  THE  RESULTS  OF  TISSUE  ANALYSIS  BY  MEANS  OF  POWER  SPECTRA 
AND  THE  HYSTOLOGICAL  STRUCTURE  OF  CHOROIDAL  MELANOMAS 
Vincenzina  Mazzeo,  Gual tiero  Golfetto,  Luca  Ravalli,  Paolo  Perri,  Gloria 
Galli,  Antonio  Rossi. 
University Eye  Clinic,  Ferrara,  Italy. 
Abstract 
Ultrasound  tissue  characterization  by  means  of  power  spectra  analysis 
was  attempted  in  19  cases  of  choroidal  melanomas  and  in  one  case  of 
choroidal  metastasis  from  a  thymoma.  All  the  pathological  specimens  have 
then  been  reviewed  by  the  same  pathologist  in  order  to  achieve  a  uniform 
answer.  An  a  posteriori  comparison  between  the  obtained  power  spectra, 
subdivided  according to their more  or less homogenous  trend,  and  the various 
types  of  malignant  melanomas  (i.e.  spindle  B,  mixed  and  epithelioid) 
revealed  that  at  this  moment  the  kind  of  analysis  adopted  has  not  a 
predictive  value  even  if an  almost  complete  correlation exists  between  the 
stuctural  tissue  organization  and  the  power  spectra  response  and  that  a 
close  correlation  exists  between  the  highly  positive  values  of  the  angular 
coefficient  of  the  regression lines and  tissue homogeneity. 
Key  words:  Best fit approximation,  Choroidal  melanoma,  Comparison,  Computer! 
zed analysis,  Hystology,  Power  spectra,  Ultrasound. 
Introduction 
The  study  of  tissue  characterization,  with  the  method  followed  in  these 
last  years  at  the  Eye  Clinic  of  the  University  of  Ferrara,  whose  basic 
principles  and  results  have  already  been  published  ( 1,  2, 3,  4)  has  recently 
been  integrated with  the  comparison  between  echographic  data and histological 
charachteristics  of  the  intraocular  lesions.  It is  of  course  an  inductive 
analysis  which  regards  almost  only  eyes  enucleated for choroidal  melanomas. 
In  this  way  we  tried  to assess  the  presence  and  the extent of a  correlation 
between  echographic  data  and  histological  structure  and  to  find  out  the 
- 187  -anatomic  elements  responsible for  the  echographic modifications. 
Subjects  and  methods 
All  the  data  about  the  acquisition  of  signals  and  their  analysis  have 
already  been widely  described  (  1,2,3,4,  ). 
In this study  the  eyes  of patients,  who  underwent  enucleation since suffering 
from  choroidal malignant  melanoma,  have all been  examined  by  the  same  patho-
logist  in  order  to  achieve  a  homogenous  assessment.  The  Callender  modified 
classification  (  5  )  has  been  adopted which distinguishes: 
- spindle  A  and  B malignant melanomas, 
- mixed  malignant  melanomas, 
- epithelioid malignant  melanomas. 
19  patients  were  examined,  with  24  echographic  acquisitions,  in  this  study 
also  a  single  patient  was  introduced  who  was  suffering  from  an  ocular 
thymoma  metastasis  which  had  hughely  grown  in  a  short  lapse  of  time,  thus 
occupying almost all the  eye  and  who  underwent  enucleation. 
Results 
The  results  of  the  echographic  characterization  of  choroidal  malignant 
melanomas  (  MM  )  in  particular,  have  already  been  described  (  1, 2, 3, 4,  ) . 
We  can  therefore  only  remind  that,  at  a  simple  visual  inspection  of  the 
spectral  curves,  the  first  relevant  aspect  was  the  rather  homogeneous 
behaviour  of  a  group  of  cases.  Particularly  the  highest-frequency  sector 
of  the  curve  is  reasonably  approximable  to  a  straight line while other power 
spectra  have  a  very  irregular  trend.  This  sector  (  from  the  frequency  of 
7.  8  to  15  MHz  )  has  been  chosen  as  representative  also  because,  at  the 
above  mentioned  visual  inspection,  the  behaviour  of  the  power  spectra of 
the  low-frequency  sector  is  absolutely  irregular,  with  no  correlation  among 
the various  groups  of pathologies  and within the  same. 
The  linear  behaviour  of  this  group  of  MM  has  been  expressed  by  calculating 
the  regression  line  of  the  curve  representing  the  power 
spectrum,  by  taking  in  account,  however,  tt~at  such  an  approximation  is 
reasonably significant only if the relative standard error  (  SE  )  is comprised 
- 188  -between  ±  0.1  folds  the value of the  line,  i.e.  of 10 percent.  It is  clear 
that the higher the  SE,  the  less representative the straight line. 
Eight  out  of  thirteen  power  spectra  of  the  spindle  B  MM  showed  a  very 
regular  trend,  whose  regression  line  produces  a  high  positive  angular 
coefficient,  SE  between± 0.1,  a  mean  P/P  ratio of 16  dB  at 15  MHz  (fig.1). 
Five  out  of  these  eight  cases,  after  a  histological  examination,  showed 
a  rather  homogeneous  structure,  with  dense  cells  placed  in  an  ordinate 
way  (fig.2),  sometimes  grouped  in nests  through  a  very subtle net of fibers, 
too  subtle  to  be  echographically  revealed  as  an  interface  or  to  alter  the 
homogeneous  structure.  The  vessels are usually small  and  spread,  more  often 
grouped  in  a  certain sector of the  tumour  (in its section under  examination). 
Two  out  of  these  five  cases  showed  a  cell  growing  nest  which  peripherally 
compresses  another  tumoural  area,  thus  suggesting  that  a  cellular  line 
has  developed  and  grown  within  the  tumour  itself.  A  second  echographic 
assessment  classified  one  of  the  two  above  mentioned  cases  as  belonging 
to  the group  of the spindle  B  MM,  with higher  SE  (i.e.  irregular). 
Another  case  of  this  group,  which  underwent  two  echographic  assessments, 
differentiates  itself  as  less  homogeneous  in  its  histological  structure. 
The  cells  have  infact  a  storiform  distribution  which  should  cause  some 
discontinuity,  i.e.  echographically  relevant  interfaces.  The  only 
consideration  that  can  be  made  about  this  particular  distribution  regards 
the  size  of  the  cellular  bundles  which  are  very  small,  much  smaller  than 
a  wavelenght  unit  and  whose  main  borderlines  have  a  roughly  perpendicular 
trend  to  the  tumoral  surface  (obviously  when  referring  to  the  examined 
histological  section) .  This  trend  could  have  therefore  been  parallel  to 
the  investigating ultrasound beam. 
As  far  as  the  last  case  is  concerned,  only  one  histological  section  could 
be  defined which,  being roughly storiform,  has  been classified as  belonging 
to  the  group  with  higher  SE.  Furthermore,  the  conventional  echography 
revealed  two  different  areas  which  are  likely  to  have  caused  different 
power  spectra,  the  one  with  a  regular,  the  other with  a  less regular trend. 
Among  the five  power  spectra of the  spindle  B  MM  which  showed  a  less regular 
pattern  with  SE  between  ±  0.1  and  ±  1  (fig.  3)  two  are  assessments  made 
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Fig.2:  Choroidal  MM  with  a  homogeneous  histological structure. 
Top:  magnification 3.5:  I;  Bottom:  microscope  picture. 
On  the left of each picture we  report the  hawe  lenght  (A= 0.14). 
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Fig.4:  Mixed  MM  with predominant  spindle  compor.ent,  which  shows  a  very  large 
growing  nodule  with  a  marked  peripheral compression of some  other neo-
plastic tissue.  The  phenomenon  is clearly visible even  in the section 
with  a  small magnification. 
- t91  -on  the  last  of  the  patients  described  in  the  previous  group,  another  one 
refers  to  one  of  the  cases  previously  described,  characterized by  an  inner 
nodule  of  homogeneous  cell  growth,  with  a  peripheral  compression  of  neo-
plastic tissue. 
The  fourth  case  has  the  same  characteristics  as  the  previous  one,  while 
the  last  one  shows  a  quite  heterogeneous  histological  appearance,  not 
rather  for  its  cellular  distribution  but  for  existence  of  areas  of 
discontinuity originated by  a  rich vessels'  net. 
Within  the  group  of  the  five  mixed  tumours  with  a  predominant  spindle 
component  and  more  or less frequent nests of epithelioid cells,  for produce 
a  regular  power  spectrum,  i.e.  with  SE  between  ±.  0.1,  a  l~eg::-ession 
line  with  a  high  positive  slope  and  a  mean  P/Po  ratio  of  15.8  MHz.  One 
case,  on  the  contrary,  shows  a  very  irregular trend,  with  SE~1. 
Unfortunately  it  was  impossible  to  find  the  histological  preparation 
referring  to  this  last  case.  All  the  other  cases  have  a  very  homogeneous 
histological  structure,  and  one  of  them  shows  a  very  large  growing  nodule 
which peripherally compresses  other neoplastic tissue  (fig.  4). 
Among  the  remaining  four  mixed  tumours,  characterized  by  SE  between  ±  0.5 
and  ±  1,  a  much  slighter  slope  of  the  regression  lines,  and  a  mean  P-IP 0 
ratio  of  8. 2  dB  at  15  MHz,  two  show  a  character  is  cic  similar  to  others, 
already described,  i.e.  a  richely cellulate growing nodule with  a  peripheral 
area  of  tissue  compression.  In  one  of  these  cases  the  neoplastic  nodule 
shows  a  storiform  appearance  in  its  cellular  distribution,  even  if not 
as  marked  as  in  other  cases.  The  third  case  is histologically very hetero-
geneous  with  a  rotation  of  cellular  islets  and  large  necrotic  areas.  The 
last  case  shows  some  areas  with  a  high  concentration  of  vessels,  hence 
roughly  heterogeneous,  as well  as  regular ones  (fig.  5). 
As  regards  the  histological  aspects  of  the  only  two  epithelioid  melanomas 
of  this  series,  while  the  case  with  SE  ±.  0.1  is  densely  cellulate  with 
a  sometimes  homogeneous  and  sometimes  slightly  fasciculate  cellular 
distribution,  the  one  with  SE  .:!:  1  is  very  heterogeneous  with  homogeneous 
areas  and  large  necrotic zones. 
Among  the  enucleated  eyeballs,  finally,  one  shows  a  thymoma  metastasis. 
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Fig.5:  Heterogeneous  mixed  MM  with  large areas  at high concentration of vessels. 
- 193  -This  case  showed  an  extremely  regular  power  spectrum  in  comparison  with  the 
other  metastasis  we  have  examined  (all  from  mammae  or  lung  carcinomas).  In 
this  last  case  two  echographic  assessments  have  been  made  at  intervals.  The 
first showed  a  small  tumour  mass  (hence  likely formed  by  homogeneous  lymphocyte 
layers)  and  the  echographic  report  had  a  regular  plot.  The  second  showed  a 
hughely  grown  mass  and  at  the  hystological  analysis  (the  patient  was  infact 
enucleated,  being the  eyeball aching because  of a  secondary glaucoma)  a  strong 
recent hemorrage  became  evident within  a  homogeneous  tumour. 
Analysis  of the results 
When  examining  the  spectral  responses  of  MM,  it was  found  that  most  MM 
showing  a  so-called  "regular"  behaviour  belong  to  spindle  B  MM  and  mixed  MM 
with  predominant  spindle  component.  This  fact  can  be  explained  by  reminding 
the  acquisition  method.  Since  an  average  of all  measurements  is  run,  a  homo-
geneous  tissue  where,  potentially,  all  the  RF  signals  are  the  same  in  all 
the  examined  areas,  will  produce  a  power  spectrum  with  a  regular trend.  This 
statement  can  be  extended  to  all  homogeneous  tissues.  The  ever  positive  and 
sometimes  high  angular  coefficient  trend  of  the  regression  lines  of  the 
MM  is due  to the fact that the cells act as scatterers,  which  spread the  sound 
increasingly  at  the  higest  frequencies.  The  more  homogeneous  the  tumour,  the 
more  evident this phenomenon. 
When  a  certain  acoustic  discontinuity,  due  to  larger  scatterers  and/  or  to 
reflecting  surfaces,  is  present,  the  homogeneity  of  the  acoustic  response 
decreases,  thus  producing higly irregular spectra. 
This hypotesis  seems  to be supported by  the  study of the histological analysis, 
infact  most  MM  with  a  regular  power  spectrum  seem  to  have  a  homogeneous 
histological  structure,  while  the  ones  with  an  irregular  spectrum  tend  to 
be  heterogeneous  either  for  a  storiform  distribution,  with  large  bundles 
of interlaced cells,  or for the presence of vessels  and necrotic areas. 
The  only  histological  forms  which  belong  both  to  the  group  of  tumours  with 
a  regular  power  spectrum  (  SE  L  ±  0. 1  and  to  the  one  with  an  irregular 
spectrum  are  those  MM  characterized  by  a  large  homogeneous  growing  nodule 
which peripherally compresses other tumoural  tissue. 
- 194 -Supposing  that,  in  this  first  stage  of  the  study,  the  retrospective analysis 
of  the  histological  preparation  has  not  influenced its "echographic  reading", 
this  ambiguous  behaviour  might  be  explained  through  a  different  structure 
of  the  various  areas,  depending  both  on  the  size  of  the  nodule  and  on  the 
extent  of  the  compression  it  exterts  on  the  surrounding  tissue,  with  a 
consequent difference of site between  acoustic  and  anatomical  specimen. 
This  does  not  mean  that  these  structural  differences  cannot  exist  for  the 
other case  too.  Infact the  changeability of the  tissues  and  of their behaviour 
is  always  enormous.  Moreover,  both  the  acoustic  and  the  anatomical  drawings 
are  performed  at  random,  though  one  tries,  in  both  cases,  to  examine  the 
thickest areas of the  tumour. 
Probably,  a  homogeneous  tumour  with  no  growing  nodules  is  more  likely  to  be 
alike  in  all  its  zones,  while  a  highly  disorganized  tumour  is  more  likely 
to  have  more  than  one  disorganized  area.  In  both  case,  therefore,  the  random 
specimens  are  more  reliable,  as  far as  structure is concerned. 
In  those  forms  with  a  central  nodule,  different  power  spectra  may  arise, 
according to  the  acquisition site,  the  incidence of the ultrasonic  beam  towards 
the growing line of the neoplastic  nodule  and  therefore the  line of compression 
of the  surrounding tissue. 
The  phenomenon  of a  certain tissue discontinuity which  determines  an  irregular 
appearance  of  the  power  spectra  becomes  quite  obvious  when  examining  those 
tissues  with  a  histological  structure  mostly  made  up  by  reflecting  surfaces 
rather than scattering centres,  as for  instance choroidal  haemangiomas. 
As  far  irregular  spindle  B  MM  are  concerned,  their  amount  decreases  from  5 
to  3,  if  we  consider  that  in  two  cases  the  SE  is  comprised  between  ±  0.18 
and  ±  0. 21,  hence  very  close  to  0.1,  defined  as  significant  for  the  linear 
approximation of the  power  spectrum  curve. 
The  first  of  these  cases  is  the  one  were  a  roughly  storiform  cellular 
distribution  became  histologically  evident  and  were  three  echographic 
assessements  were  performed:  the  first  belongs  to  the  regular  spindle  B  MM, 
the  second  has  a  very  slight  SE,  while  the  third  (probably  belonging  to  the 
area  which  was  already  different  for  the  conventional  echography)  has  a 
definitely irregular trend. 
- 195  -The  second  case  is  a  tumour  characterized by  a  growing nodule  and,  as  we  have 
previously  underlined,  such  tumours  can  belong  both  to  the  regular  and 
irregular group. 
If  we  still consider  irregular  spindle  B  MM,  the  other  two  cases,  with  a  SE 
between  ~ 0.26  are  respectively represented  by  another neoplasia with  a  growing 
nodule.  Infact  one  echographic  assessment  was  regular  and  by  the  last  case 
described  in  this  group  with  large homogeneous  zones  in spite of the vessels. 
By  following  this  method  and  through  the  above  described  reports,  it  is 
impossible  to  distinguish  the  spindle  B,  the  mixed  and  the  epi  theliod  MM  as 
other kinds  of tumours,  too. 
If  a  comparison  with  the  histology  can  still  be  valid,  from  the  few  examined 
cases  we  should  be  able  to  state  that  a  certain  correlation  exists  between 
regular  or  irregular  echographic  report  and  structural  cell  organization 
within the tissue. 
When  the  cells  are  very  dense,  therefore,  with no  separating surface  to share 
them  as  in  the  monotonic  forms  (like  spindle  B  and  regular  MM,  fresh 
haemorrages,  lymphomas)  they  act  as  scattering  centres.  It  is  known, 
for  example,  that  groups  of  erythrocytes  act  as  scatterers  rather  than  as 
reflecting  surfaces;  while  when  the  cells  assume  a  certain  organization 
(such  as  a  distribution  in  variously  directed  cell  bundles,  or  in  nodules 
compressing  other  peripheral  cells  rotation  of  necrotic  areas  and  vascular 
gaps)  they  instead act as  reflecting surfaces. 
Moreover  it  seems  that  the  farther  we  go  from  homogeneous  structures,  the 
weaker  the  response  of  the  lesion  in  the  high  frequency  range  (hence  the 
lower part of the  curve). 
Conclusions 
This  study  is  preliminary  and  retrospective,  based  on  a  small  amount  of 
cases,  hence  with  no  statistical  significance.  The  collation  of  a  larger 
amount  of  patients  will  be  necessary  for  each  histological  type,  to  be  able 
to  state  that  some  spectral  differences  do  exist  among  them  and  to  find  out 
tissue properties which  determine  them. 
The  comparison  between  the  MM  histological  preparations  and  the  trend  of the 
- 196  -lines of approximation  to  the spectral curves  makes  us  suppose  that: 
- an  almost  total  correlation  exists  between  structural  tissue  organization 
and  echographic plot; 
- a  close  correlation  exists  between  the  highly  positive  value  of  the  angular 
coefficient of the  approximation  lines and  tissue homogeneity.  The  homogeneous 
tissues give  a  stronger reponse at high frequencies  (  7.5 to  15MHz  ). 
According  to  Coleman  and  Coll.  6,  7  )  a  total  correspondance  (  degree  of 
reliability  98.4  percent  )  exists  with  the  "acoustic  biopsy"  performed  with 
their  system  for  differentiating  spindle  and  mixed-epithelioid  MM.  The 
histological  classification  these  scientists  followed  is  not  clear,  but  we 
have  to  underline  that  their  system  draws  an  "acoustic  sample"  of  7. 5  by  3 
mm  within  the  tissue  hence  a  large  amount  of  tissue  (  it is  however  a  local 
specimen  that  can  be  repeated  even  in  different  areas,  according  to  the  size 
of  the  tumour  ) .  When  analyzing  echographic  results  collected  through  our 
method,  on  the  other  hand,  we  always  must  take  in  account  some  significant 
aspects. 
First  of  all  the  acquisition  of  the  signals  is  unfortunately  limited  to  a 
window  of  2  microseconds  only,  owing  to  the characteristics of the  instruments 
at our disposal. 
Moreover,  when  comparing  this  study  with  the  ones  of  other  research  groups, 
in  particular  of  the  New  York  Group  ( 6, 7, 8),  remarkable  differences  emerge, 
both  about  technics  (  larger  acquisition  windows,  opportunity  to  isolate  the 
scanning  lines  and  results.  Infact,  the  power  spectra  obtained  with  our 
technique  shows  a  distribution  of  the  received  spectra  which  is  shifted  with 
respect  to  the  central  output  frequency  of  the  transducer,  with  two  peaks  of 
energy  towards  the  maximum  and  minimum  frequencies.  According  to  the  American 
authors,  on  the  contrary,  the  power  spectra  show  a  slowly  increasing  trend 
towards  the central output  frequence  of the  probe  and  beyond it. 
Probably,  larger windows  could  make  the  spectrum change,  but  even  this possible 
variation  can't  explain  the  reason  why  we  observe  a  different  distribution 
of the  return frequencies  to the  probe,  as  showen  in this series of cases. 
Moreover,  the  investigations  which  gave  our  present  results  underlined  the 
power  spectra  characteristics  in  the  highest  frequency  range,  i.e.  over  7. 5 
MHz.  It  would  be  desiderable  to  fully  understand  the  importance  of  the  power 
- 197  -spectrum  behaviour  in  the  low  frequency  range,  as well  as  to find  the  elements 
which  influence  the  different  behaviour  between  the  power  spectra  obtained 
by  Coleman's  group  and  ours. 
An  enlightment  of  all  these  doubtful  aspects  could  also  arise  from  a  direct 
confrontation  among  the  various  groups,  to  verify  and  compare  their  own 
methods. 
Once  achieved  this  goal,  the  last  step  forward  for  these  investigations  could 
be  based  upon  a  modified  reference  echo.  This  new  reference  echo  should  be 
developed  starting  from  an  "in  vivo"  acoustic  structure  within  the  complex 
retina-choroid-sclera.  The  power  spectra of  the  different  lesions  should  then 
be  reprocessed  by  starting  from  this  signal  regarding  normal  tissues  rather 
than  from  a  glass plate reflector,  as it has  been  done  since now.  In this way 
the variables  caused  by  sound diffusion and  dispersion in healthy tissues. 
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